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ABSTRACT
Concrete, and in particular its prinicipal component, cement paste, has an interesting relation
with carbon dioxide. Concrete is a carbon dioxide generator-- it is estimated that 5-10% of
atmospheric COz comes from this source. Carbon dioxide is a concrete corroder-- it can
penetrate into the porous concrete structure and cause great physical and chemical changes.
Finally, a new engineering direction suggests the use of concrete as a carbon sequesterer. Carbon
sequestration is the technique of containing large quantities of carbon dioxide in the fashion of
waste control. Given the escalating quantity of carbon dioxide in our atmosphere, this technology
is gaining increasing attention and may be implemented in cement paste-lined, defunct oil wells.
Such a setup involves an interface between cement paste and large quantities of CO2, and
corrosion of the cement paste is inevitable. This would make carbon sequestration the first
technology to employ carbonated cement paste as a structural material and, as such, requires a
well-developed knowledge of both the processes and the product. The goal of this thesis is an
investigation of the fundamental properties of carbonated cement paste. For a set of class G oil
well cement pastes carbonated under wet-supercritical CO 2 and CO 2-saturated water, we find
that the fundamental building blocks of the carbonated material are calcium carbonate,
decalcified C-S-H, and silica gel. The characteristic size of the calcium carbonate is below the
micron scale, while the silica gel often reaches up to 10-20p.m in extension. The microstructure
of these products is highly disordered. We arrive at these conclusions as the result of a dual
chemical-mechanical analysis at the nanoscale in which statistical electron probe microanalysis
(EPMA) and statistical nanoindentation analysis are employed. The development of a statistical
EPMA method for cementitious materials is an original method of this thesis.
Thesis Supervisor: Franz-Josef Ulm
Title: Professor of Civil and Environmental Engineering
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Chapter 1
Introduction
1.1 Industrial Problem
The story of the relationship between concrete and carbon dioxide can be told in many ways.
Concrete is a carbon dioxide generator- the production of cement (the reactive component of
concrete) is responsible for an estimated 5-10% of the carbon dioxide in the Earth's atmosphere.
Carbon dioxide is a concrete corroder-- carbonation is a process which slowly but surely attacks all
exposed concrete surfaces. Finally, concrete- the world's most abundantly manufactured material-
can be a carbon dioxide sequester. Cement can be used to create large vessels for the storage of
"waste carbon dioxide," possibly a new industry in the political "cap-and-trade climate" which
is mounting, and surely an area of interest given the warnings of climate scientists that we must
act to reduce the amount of carbon dioxide in our atmosphere. Research in cement science can
pursue the goal of reducing atmospheric carbon dioxide in two ways- reduction of the amount of
carbon dioxide released in the production of cement (estimated at about 1 ton per ton of cement)
or investigation of carbon sequestration. The work of this thesis addresses the latter goal.
An obvious site for carbon sequestration are dried up oil-wells- cavities of enormous volume with
no further use. Of course sequestration requires entrapment, and cement is the obvious material to
create a sealed-off vessel out of an oil well, as cements are used commonly for this purpose in the
oil industry and in many cases may be already in place. Waste carbon dioxide can be pumped into
cement-lined oil wells in a super-compressed form to maximize use of the volume. The durability
of the cementious sequestration vessels will depend on the results of the inevitable carbonation
reactions which will take place between the entrapped carbon dioxide and its vessel, and which
may be quite different than carbonation reactions which we observe in the atmosphere.
1.2 Research Question
Our research is motivated by the problem of carbon sequestration, but it is defined by the current
state of knowledge about the carbonation of cement pastes, which we review in Section 2.2. Much
is still not understand about the process of carbonation at the level of the microstructure of cement
paste and below, although this has been the subject of considerable study. In particular, we find
that there is a fundamental knowledge gap about the end result of carbonation- that is, there is
no real classification of the composition and structure of carbonated cement paste such there is
for cement paste. Our research centers around the question: What is/are the fundamental building
block(s) of carbonated cement paste and how do they organize among themselves to reach higher
scales?
1.3 Methodology
Our investigation of carbonated cement pastes employs two techniques: statistical nanoindentation
and statistical electron-probe micronalysis(EPMA). The first of these techniques samples local
mechanical properties while the second probes local chemical composition. Interestingly, the scale
of these two techniques is about the same (-2 pm), which will allow analogies to be made between
the mechanical and the chemical results.
1.4 Thesis Outline
The first Part of this thesis introduces and provides a background to the investigation. In this
Chapter we have presented the driving research question and the industrial context in which it
is motivated. In the following Chapter we will present a model for thinking about cement-based
materials which we will use to think about our materials. The knowledge about carbonation of
cement-based materials is presented in this context.
In the second Part the materials (Chapter 3) and methods (Chapters 4 and 5) which we have
employed are discussed. Chapter 4 discusses the development of an original method of statistical
electron-probe microanalysis for cementitious materials. Chapter 5 presents the key elements of a
statistical nanoindentation method for cementitious materials, developed extensively by previous
authors [48] [209].
In the third Part the results are presented from our dual chemical-mechanical analysis, first
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from the study of a set of reference oil well cement pastes cured at the high temperatures and
pressures common to that environment (Chapter 6) and then from the study of a set of oil well
cements which have been exposed to carbonation (Chapter 7). An additional Chapter (Chapter 8)
in this Part is set aside to draw conclusions from the integration of our chemical and mechanical
studies. The fourth Part summarizes the conclusions of our investigation and discusses perspectives
for future work.
Chapter 2
Background Information
The aim of this thesis is to study the mechanism of carbonation in cement pastes and, as such,
we must begin with an understanding of the material in which it acts. Cement paste is a complex
material with compositional and structural heterogeneities which exist on multiple length scales.
The knowledge that we have about carbonation can be related to these various length scales; for
example, we know that the effective permeability of concrete may be either reduced or increased
by carbonation (Section 2.2.1), and we know that carbonation always results in a reduction of
the total pore volume at the microscale of the cement paste (Section 2.2.3) but no change in the
capillary porosity (see Section 2.2.2). To assemble the body of knowledge about carbonation of
concrete/cement paste into a cohesive structure we will use a multi-scale thought model for cement-
based materials, originally presented by Constantinides and Ulm [48] and subsequently refined by
Vandamme and Ulm [209]. In the first section of this chapter this model is presented. In the second
section the model is applied to the process of carbonation. We will see that while a great deal
of knowledge exists about carbonation in general, there is a large knowledge gap on the smaller
scales. It is in the context of this knowledge gap that our experimental investigation is formulated-
we seek to be able to provide insight into what the fundamental building block(s) of carbonated
cement paste is/are and to be able to describe their organization into higher scales.
2.1 Multi-Scale Thought-Model of Cement-Based Materials
Consider the wide range of length scales which are manifest in the structure and composition of
cement-based materials. Figure 2-1 shows the dimensional range of solids and pores in a hydrated
cement paste [137] and shows that the breadth of scale which they occupy is similar to the breadth
Lt Nn. Oun
If
: IIII I I I F~ ll In
Envrw ar tRbb tpLLUl I Iaci E I -I II"" b'
wi en 0 idarbcr
LI  iii
I irl IOllmm
T I ICA IM. I II
IHII ,rt
S1+HI
[ 1 I I Ili l I I i I 11111
(b)
Figure 2-1: (a) Dimensional range of solids and pores in a hydrated cement paste. (b) To illustrate
how wide the range in (a) is, a similar range is shown using the height of a human being as a
starting point and planet Mars as the ending point. From [137].
of scale between the height of a human and the diameter of the planet Mars. Furthermore, cement
paste is the primary ingredient and the binding agent in concrete, and it is in this form that it sees
the most use.
The best model for thinking about cement paste must consider its various lengths. Such a model,
developed by Constantinides and Ulm [48] and subsequently refined by Vandamme and Ulm [209],
is presented herein. The multiscale-thought model uses length scales of structural heterogeneities
(voids and inclusions) to define the various "levels" of concrete. Despite the fact that there are also
important chemical or mineralogical heterogeneities in cement paste, the physical characteristics
are given precedence in the model. A diagram showing the four levels which have been identified
is shown in Figure 2-2. A discussion of each of the four levels follows.
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Figure 2-2: Multiscale structure thought model of concrete (from [209], adapted from [204]). Image
credits: level 0 from [165], level I from [146], level II from [134] and level III from [117].
2.1.1 Level III: Macroscale of Concrete
Concrete is a mixture of cement paste with aggregates. Aggregates can be coarse aggregates (gravel
or crushed stone), with a characteristic size in the centimeter range, or fine aggregates (sand), with
a characteristic size in the millimeter range. Aggregates occupy 60% to 75% of the concrete volume,
or, equivalently, 70% to 85% by mass [117]. At Level III, concrete can be considered to have a
matrix-inclusion morphology, wherein the aggregates are the inclusions in the cement paste matrix.
A second heterogeneity exists on the macroscale of concrete, and that is the inclusion of macro-
pores. Macropores, defined as pores with a characteristic size in the millimeter range and above,
may form in concrete as a result of poor treatment of the fresh material (i.e. improper vibration
and/or use of fluid admixtures). The characteristic length scale of Level III is therefore defined by
the macropores and the aggregate to be on the millimeter to the centimeter range.
2.1.2 Level II: Microscale of Cement Paste
Cement paste, considered to be a uniform matrix at Level III, is in fact a complex composite
material itself. Cement paste is composed of unhydrated clinker grains and the products of the
hydration reaction, primarily C-S-H gel and portlandite (CH) 1. It may also include capillary
porosity. Portland cement in its anhydrous form is a powder of angular particles ranging from 1 to
50 pm in size [137]. As a result of incomplete hydration, unhydrated clinker grains may be present
in the cement paste and, depending on the w/c ratio, range from one to tens of microns in scale.
The proportion of hydration products is inversely proportional to the amount of unhydrated clinker
in the paste. The principal hydration products, C-S-H gel and portlandite, make up 50% to 60%
and 20% to 25%, respectively, of the volume of solids in a completely hydrated portland cement
paste [137]. The other hydration products may be calcium sulfoaluminates hydrates [137].
There are several types of voids which may exist in a hydrated cement paste, but only one type
exists at the microscale. Capillary pores are essentially the balance of volume left over after the
hydration reaction. The total volume of a cement-water system remains substantially unchanged
during hydration, and the average bulk density of the hydration products is considerably lower than
1C-S-H and CH are written in cement chemistry notation, which uses the following abbreviations:
C=CaO
S=SiO 2
H=H20
The dashes in C-S-H indicate that it's precise stoichiometry is the subject of debate.
Classification Reference
Inner Product-Outer Product Taplin [191], Richardson [164], Groves[88]
Middle Product-Late Product Scrivener et al.[180], Taylor[195]
Phenograins-Groundmass Diamond and Bonen[63]
Low Density-High Density Jennings[109], Tennis and Jennings[198]
Table 2.1: Classification of the two morphological entities of C-S-H as found in the open literature.
Modified from Constantinides and Ulm 2004.
that of anhydrous portland cement paste; however the volume not filled by hydration products or
occupied by unhydrated clinker will become capillary voids. The size of these voids ranges from
10 to 50 nm for pastes with well-hydrated, low w/c ratios to 3 to 5 pm for high w/c pastes at
early stages of hydration. Figure 2-3 shows typical pore size distributions, measured on several
cement pastes by the poral mercury intrusion technique (MIP) [133]. Finally, air voids may also be
included in the cement as a result of air being trapped during concrete mixing. In contrast to the
irregularity of capillary voids, air voids are usually spherical in shape. Entrained air voids usually
range from 50 to 200 pm in size.
The characteristic length scale of Level II is therefore from 10 to 100 Am.
2.1.3 Level I: C-S-H Microstructure
The microstructure of C-S-H gel has been and continues to be an object of much academic interest
and the subject of important industrial ramifications. While there is much controversy, the academic
community is in agreement on two matters. The first is that C-S-H phase is not a pure solid phase
but has heterogeneities on a scale below that of the cement paste microstructure (for instance [137]).
The second matter of agreement is that there is spatial variability in the C-S-H gel (for instance
[62]). It was observed that C-S-H gel has at least two distinct formations which form with relation
to the cement clinker grains as early as 1959, when Taplin [191] classified inner product (IP) C-S-H
as that which forms in proximity to the clinker grain and outer product (OP) C-S-H as that which
forms in areas removed from the clinker grain. Two distinct C-S-H formations have since been
observed by many researchers and four main classifications have emerged (see Table 2.1). In the
following discussion we present models of the C-S-H microstructure. The earliest models included
the porosity of the gel but not its variability while current models manage to provide insight into
the formation of the diverse C-S-H products.
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Figure 2-3: Pore size distribution in hydrated cement pastes. (top) Constant hydration time with
varying w/c ratios and (bottom) constant w/c with varying w/c ratios. From [133].
Early Models of the C-S-H Microstructure: Powers; Feldman and Sereda
The first quantitative description of the microstructure of C-S-H gel came in 1948 from Powers and
Brownyard [157]. The authors used water sorption and pore volume data to generate an empirical
model which provides estimates for the volumetric fractions of phases in hardened cement paste:
Ves = 0.20(1 - p)( Chemical Shrinkage (2.1)
Vc = p - 1.32(1 - p) Capillary Water (2.2)
VW, = 0.60(1 - p)( Gel Water (2.3)
V, = 1.52(1 - p)( Gel Solid (2.4)
Vc = (1 - p)(1 - () Unhydrated Clinker (2.5)
where ( is the degree of hydration, defined as the mass fraction (or volume fraction) of clinker
which has reacted:
(WCL)reacted (26)
(WCL)initial
and p is the initial porosity, i.e. the volume which is occupied by water in the fresh mix:
P (2.7)
w/c + p,/pc
where Pc = 3.15 g/cm3 and p, = 1.0 g/cm3 are the cement and water density, respectively. It is
verified that the volume fractions sum to one:
Vcs + Vcw + Vgw + Vgs + Vc = 1 (2.8)
but the actual volume normalized by the initial volume is 1 - Vcs due to chemical shrinkage. It
follows from Eq. (2.1) that the porosity of the C-S-H gel in Powers' model is the same irrespective
of the degree of hydration of the mix and is:
Vw - 0.28 (2.9)
Vg, + Vgw
The authors also predicted that sheets of C-S-H were separated by an interlayer space of 1.8 nm
in the colloid. In 1968, Feldman and Sereda [72] proposed a morphological modification to Powers'
model, supposing that C-S-H sheets were not all separate in the colloid but could stack several
i I~_~~_
layers high to form ordered groups which where then organized in a disordered manner among
themselves. The size of the pore space therefore varies locally, with the lower bound being the
interlayer space, which in the Feldman and Sereda model varies from 0.5 to 2.5 nm. The model
seeks to reconcile the amorphous character of C-S-H as a whole with the order that it exhibits at
the nanometer scale but provides no quantitative improvement on Powers' model.
The Jennings Model
A series of work by Jennings and coworkers has improved the quantitative consideration of the
morphology of C-S-H gel [110][111][198][108][109]. The Jennings model is a concise model of the
gel microstructure which recognizes the organization of C-S-H gel into two structurally distinct
but compositionally similar phases. These two phases are distinguished by their porosities and
are supposed to exist because of experimental data [198] which show a positive correlation between
surface area and gel porosity, as measured by nitrogen- a correlation which would be expected to be
negative for a gel with a single porosity, such as in Powers' model (see Fig. 2-4). Any model which
considers the existence of two or more phases with different porosities would be able to explain
this experimental phenomenon, but the fact that the Jennings model uses two phases is compatible
with the observation of two distinct formations by many researchers, as shown in Table 2.1. It is
also an example of the application of Occam's razor: the quantitative description of experimental
data with the simplest model possible.
The Jennings model proposes that there is a single, amorphous C-S-H nanoparticle (character-
istic size a 4 nm, intraglobular porosity = 18%) which packs itself into two characteristic forms:
Low Density (LD) C-S-H and High Density (HD) C-S-H. The two phases are distinguished only by
their porosities: the porosity of the LD C-S-H is OLD = 37% and the porosity of the HD C-S-H is
OHD = 24%. Constantinides and Ulm [49] noted that these porosities correspond very closely to
limit packing densities (packing density 7 = 1 - 0) of spheres. The packing density of LD C-S-H,
77LD = 0.63, is very close to the random close-packed limit (RCP [106]) or the maximally random
jammed(MRJ [64]) state, rj 0.64. The packing density of HD C-S-H, 77HD = 0.76, is near the
ordered face-centered cubic (fcc) or hexagonal close-packed (hcp) state, q = r//18 - 0.74 [183].
The total gel porosity of the C-S-H phase is a combination of these two porosities:
o = 1 - [(1 - 7LD) X fLD + (1 - rHD) X fHD] (2.10)
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Figure 2-4: Inaccessible pore volume in a cement paste strongly increases with surface area. This is
contradictory to a model which holds that there is only one C-S-H gel porosity, but can be explained
by any model which allows for multiple gel porosities. From [108].
where fLD and fHD are the volume proportions of the two phases in a C-S-H gel matrix:
fLD + fHD = 1 (2.11)
It is clear that these volume fractions are important descriptors of the microstructure and are a
degree of freedom in the Jennings model. For fLD = 0.20, fHD = 0.80 we arrive at the gel porosity
in Powers' model, 0 = 0.28. The gel porosity in the Jennings model varies with degree of hydration
of the paste, in contrast to the Powers model. An example of the development of the phases of a
specific cement paste per the Jennings model is shown in Figure 2-5.
Mechanical Phase Properties and Granular Morphology
Statistical nanoindentation has verified the existence of the two phases supposed by the Jennings
model [50][47][204]. LD C-S-H and HD C-S-H are uniquely characterized by a set of mechanical
properties which are shown to be intrinsic phase properties- that is, they do not depend on mix
proportions, type of cement, etc. It has been established that these mechanical properties depend
only on the defining parameter of the phase- its porosity- by means of a unique nanogranular
morphology [49][56][112]. This link is shown in Figure 2-6, in which the mechanical properties
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Figure 2-5: Relative volume of each of the phases (as predicted by the Jennings model) as a function
of the degree of hydration for a paste with water:cement ratio of 0.50, and 55% C 3S, 18% C 2S, 10%
C 3A, and 8% C4 AF, an average Type I cement composition. From [198].
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of LD and HD C-S-H (indentation hardness and indentation modulus) are plotted versus C-S-
H packing densities determined from mass-density measurements, small-angle neutron scattering
(SANS) and X-ray scattering data [108] [112] [1]. The almost linear scaling of the elasticity properties
(see Section 5.1.1 for a discussion of how indentation modulus relates to elasticity) with the packing
density suggests that the C-S-H particles have a granular morphology with a percolation threshold
of rl = 0.5, which is what was found for perfectly spherical particles with the self-consistent theory.
Although it is unlikely that C-S-H particles- which are often described as "bricks" and thought of
as being formed of stacked layers- are spherical, their mechanical interaction is similar enough to
that of spherical particles that they can be assumed to be such in the mechanical model. In part
this is due to the fact that at relatively high packing densities- such as those for LD and HD C-S-H-
asphericity has a neglible role on elastic and strength properties of a granular material [207].
2.1.4 Level 0: C-S-H Solid
The fundamental building block of the C-S-H microstructure is the C-S-H solid. While mechanically
we can assume that the C-S-H solid acts like an amorphous sphere, we know that the truth is much
more complex. Efforts to model the exact structure of C-S-H have for the last 20 years centered
around the postulate by Taylor in 1986 [194] that the disordered layer structure of C-S-H can
be modelled as a mixture of two natural minerals, 1.4 nm tobermorite (approximately C 5S6 H9 )
and jennite (C9 S6 H11 ). He based his model on the observation of a bimodal distribution of Ca/Si
ratios in early age cement pastes which converged towards a single value in mature pastes [168].
He therefore attributed the formation of distinct "tobermoritic" and "jennitic" regions in C-S-H
in early age cement to the difficulty in forming large silicate ions; however with age the regions
interact to form a material with a great mean chain length, a composition intermediate between
the two mineral analogues, and a structure similar to that of jennite.
Structure
Models of C-S-H based on the natural analogues have managed to some extent to capture the struc-
ture of the solid- it is commonly agreed upon that the solid has a layered crystal structure similar
to that of jennite with a lamella thickness in the nm range [166] [165] [153]. Though this structure is
hard to detect in young hardened cement paste, TEM and XRD observation of pozzolanic C-S-H
show ordered stacks up to several hundreds of nano-lamellae in some cases (see Figure 2-7) [153] [83].
Investigations with high resolution transmission electron micrography (TEM) have also been
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Figure 2-7: TEM micrograph of C-S-H prepared by pozzolanic reaction of calcium oxide with silicic
acid at 600 C for 100 days (Ca/Si=0.9). Note the existence of ordered stacks tens of nanometers in
length. From [83].
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able to identify similar nanocrystalline regions, though less extensive, in hardened ordinary portland
cement [210] [215]. The formation of disk-shaped particles on the solid-solution interface have been
observed by atomic force microscopy (AFM) during the intial stages of C-S-H growth on alite, silica
or calcite surfaces [78][79]. These disk-shaped particles were observed to have a long axis of about
60 nm and a thickness of around 5 nm. Further hydration leads to multiplication and aggregation
of these particles either parallel or perpendicular to the substrate surface. In solutions with high
lime (CaO) concentrations, axial (perpendicular) growth is preferred [79][80]. A clear conclusion
that can be drawn from the variety of experimental investigations is that the C-S-H particle has an
orientational order. This orientation may extend to an arrangement of the particles themselves in
a nematic order and the formation of "fibrils", as observed in the outer product of aged materials
[165]. This alignment order propagates over shorter distances (-100 nm) in the inner product [153].
How the isotropic orientation of the material observed on Level I arises from the C-S-H particle
orientation and alignment remains an open question.
Stoichiometry
Recently Pellenq et al. [154] have made a breakthrough in the understanding of the C-S-H solid
by taking a different approach to the modeling. They note that all models based on Taylor's
postulate will fail to match two fundamental parameters of the C-S-H solid: the stoichiometry and
the density. The stoichiometry of C-S-H is undetermined, as indicated by the dashes in its name. A
common parameter for measuring the chemical composition of C-S-H is the molar ratio of calcium
to silicon, known as the Ca/Si ratio and equal to the ratio of CaO and SiO2 in the compound.
Recent small-angle neutron scattering measurements by Allen et al. [1] have fixed the Ca/Si ratio
at 1.7 and the density of the solid at 2.6 g/cm3 . Pellenq et al. note that these values cannot
be reproduced by either tobermorite (Ca/Si=0.83, density=2.18 g/cm3 ) nor jennite (Ca/Si=1.5,
density=2.27 g/cm3 ). Table 2.2 shows a complete description of all forms of tobermorite and jennite
and further illustrates this discrepancy, in light of which Pellenq et al. put the matching of the
chemical composition as the highest priority in their modeling effort. They found a model with
an overall chemical composition of (CaO)1. 65 (SiO 2 )(H 2 0)1.75 which matches well the composition
found by the neutron scattering experiments: (CaO)1 70(SiO 2 )(H 2 0)1.so. The density of the model
C-S-H- 2.56 g/cm3 - is also a good match for the experimentally found value. Figure 2-8 shows
an image of this model and Table 2.3 reports the elastic properties of the C-S-H solid which can
be determined from it. Interestingly, a number of experiments run on this model (extended X-
bFigure 2-8: (a) TEM image of clusters of C-S-H (courtesy of A. Baronnet, CINaM, CNRS and
Marseille Universite, France), the inset is a TEM image of tobermorite 14 A from [166]. (b)
the molecular model of C-S-H: the blue and white spheres are oxygen and hydrogen atoms of
water molecules, respectively; the green and gray spheres are inter and intra-layer calcium ions,
respectively; yellow and red sticks are silicon and oxygen atoms in silica tetrahedra. From [154].
ray absorption fine structure spectroscopy signals measuring short-range order around Ca atoms,
longer range correlations revealed in X-ray diffraction intensity, and vibrational density of states
measured by infrared spectroscopy) show strong evidence of short-range (i.e. at the scale of the
intralayer structure) structural disorder in in the C-S-H particle, which is the hallmark of a glassy
material. It does, however, show some layered crystal features at longer range (i.e. at the scale of
the interlayer spacing).
2.2 Carbonation of Cement Paste
Much is known about the carbonation of cement paste, but the knowledge cannot be considered
complete until the results of the mechanism are considered fully on every level of the thought
~................................. ~'
Mineral Formula Ca/Si ratio
Tobermorite 14 A Ca 5 Si601O(OH) 2 .7H 2 0 0.83
Tobermorite 11 A (Merlino) Ca4 Si 6 O15(OH) 2 -5H20 0.67
Tobermorite 9 A Ca 5Si 6 01(OH)2 0.83
Tobermorite 11 A (Hamid) Ca 6 Si6 O18 -2H 2 0 1
Tobermorite 11 A (Hamid) Ca 5 Si6016(OH)2-2H20 0.83
Tobermorite 11 A (Hamid) Ca 4 Si6 0 14 (OH)4.2H 2 0 0.67
Jennite Ca 9 Si 6 01s(OH)6-8H20 1.5
Table 2.2: All forms of tobermorite and jennite, as compiled by Shasavari et al. 2009 [181]. Note
that none of these crystals matches the Ca/Si ratio of C-S-H determined by Allen et al.- Ca/Si =
1.7. [1]
Voigt bulk modulus (GPa) 51
Reuss bulk modulus (GPa) 47
Voigt shear modulus (GPa) 24
Reuss shear modulus (GPa) 22
Young modulus along the x-z plane (GPa) 66-68
Young modulus along the y direction (GPa) 55
Poisson's ratio 0.30
Plane stress modulus (GPa) 65
Strength (GPa) 3
Table 2.3: Elastic properties of the C-S-H solid determined from the model of Pellenq et al. [154]
The plane stress modulus is the indentation modulus
model for cement-based materials presented in the previous section. In this section the vast body
of existing knowledge is summarized and knowledge gaps are pointed out.
2.2.1 Level III: Carbonation at the Macroscale of Concrete
Natural carbonation of concrete exposed to the atmosphere is a well-known phenomenon in civil
engineering, with a variety of consequences which may be both positive and negative. On the
positive side, the carbonation of concrete leads to increased hardness and compressive and tensile
strength [143][193]. On the negative side are carbonation shrinkage, the aesthetically displeasing
formation of efflorescence on exposed concrete surfaces [124][115], and the depassivation of steel
reinforcement in reinforced concrete [29] [97] [167] [105]. The depassivation comes about as result
of the reduction of the pH of the interstitial solution contained in the concrete pores from 12.6 to
values of 9 or lower (as low as 6). Depassivation of the steel reinforcement is followed by corrosion of
steel and the development of corrosion products, e.g. rust, which occupy a greater volume than the
original metal. This results in a pressure build-up and may lead to visible cracks or even spalling
of the concrete cover above the rebars. These volume changes and microcracking may change
the effective permeability of concrete, leading to a decrease for OPC-concrete but an increase for
concrete containing blast furnace slag or fly ash [193].
Rate of Carbonation
Because natural carbonation is a relatively slow process, it is often neglected in the design of
reinforced concrete structures. The rate at which carbonation penetrates into the concrete depends
on two local quantities: the amount of CO2 in the atmosphere and the relative humidity (RH). The
CO 2 content of the atmosphere ranges from 0.03% by volume in rural air to 0.3% in large cities,
and exceptionally up to 1% [143]. RH is also highly variable but its relation with the carbonation
rate is not linear. Carbonation requires water for its reactions, but because the diffusion of CO 2 is
low at high moisture content, the optimum RH for carbonation is at a medium range [105]. The
carbonation reactions cannot precede at RH less than about 50%, and the diffusion of CO 2 begins
to drop off sharply at an RH of about 75%, so the optimum range is somewhere between these two
values. Worldwide, natural carbonation has an average rate of penetration of 1mm/year. Over 50
years, the standard design life of a reinforced concrete structure, carbonation will just have reached
the steel reinforcement closest to the surface (that is, covered by about 50 mm of concrete).
Quantitatively, the carbation process can be described as a diffusion process. The most ba-
sic law for the time dependency of carbonation of concrete is based on Fick's law of diffusion
[178] [177] [120] [105]:
= (cl - c2) / = Av (2.12)
where:
x = depth of carbonation at time t, m
D = diffusion coefficient of CO 2 in (carbonated) concrete, m 2 /s
a = necessary amount of CO 2 for the carbonation of the alkaline components, g/m 3
cl = CO 2 concentration of the surrounding air, g/m
3
c2 = CO 2 concentration at the carbonation front, g/m
3
t = time, s
A = carbonation constant
The derivation of Equation (2.12) is based on the assumption of an infinite half-space subjected
at its boundary to constant climatic conditions (i.e. constant RH and quantity of CO 2 in the
atmosphere). In reality the progress of carbonation is much more complex than is suggested by
this equation.
2.2.2 Level II: Carbonation at the Microscale of Cement Paste
Carbonation Front
Despite the best attempts at modeling the penetration of carbonation in concrete, measuring the
depth of penetration is not a straightforward issue as carbonation appears to have a broad transition
zone rather than a sharp interface between degraded and undegraded material. This has been shown
by thermogravimetric analysis (TGA) studies [34] and by the phenolphthalein test 2 [104]. It has
been shown that the width of the carbonation front is directly linked to the chemical kinetics within
the carbonation process, governed by the ratio of the two main time scales identified within the
process- R and TD - associated with the chemical reaction of carbonation and the CO 2 diffusion,
respectively [200]. When the two time scales are similar, the carbonation front will become very
broad. It is clear, then, that in the case the reaction time is high enough to be similar to the time of
CO 2 diffusion, the diffusion law presented above (Eq. (2.12)) will not be able to accurately describe
2The phenolphthalein indicator solution is a colorless acid/base indicator which turns purple when the pH-value
is above 9.
the process. An understanding of the chemical reactions which occur is important in understanding
the carbonation process.
Chemical Reactions
The modelling of carbonation is additionally complicated by the fact that it is not a single reaction
but a process consisting of many interactions. It has been observed that in cement pastes exposed
to CO2-rich fluids (wet supercritical CO 2 and CO2-saturated water) all Ca-bearing phases initially
present in the paste react to form to calcium carbonate and amorphous silica, except for the clinker
C4 AF [52]. This includes the principal clinkers, alite (C3 S) and belite (C2 S). As the principal
hydration products, C-S-H and CH, are the dominant phases in a well-hydrated cement paste, we
are particularly interested in their reaction with CO2, which is described as [114] [175] [182] [189] [116]:
Ca(OH) 2 + CO 2 H CaC0 3 + H2 0 (2.13)
C - S - H + CO 2 -t CaCO 3 + SiO 2 n(H2 0) (2.14)
Ettringite will also decompose as a result of carbonation [145] [212] [216] to form gypsum, calcium
carbonate, and alumina gel.
Natural vs. Accelerated Carbonation
It is known that in natural carbonation of portland cement paste, carbonation of portlandite (Eq.
2.13) is the dominant process. The pH of the pore water solution- important for the depassivation
effects discussed above- will remain at the value of the saturated Ca(OH) 2 - solution, i.e. around
12.5, as long as not all Ca(OH) 2 has reacted [105]. However it has also been observed that natural
carbonation can completely deplete C-S-H. Kobayashi et al. [116] observed the phenomenon of
complete C-S-H degradation as a result of carbonation in a wide range of concrete structures in
Japan. Furthermore they noted that the complete depletion of C-S-H leads to a coloring of the
concrete as it if had been bleached- allowing zones of C-S-H depletion to be identified by the naked
eye.
Accelerated carbonation appears to proceed in a different manner. Neutron diffraction (ND) has
been used to show the simulataneous (although not occuring at the same speed) reduction of CH,
C-S-H and ettringite under accelerated (100%) carbonation, accompanied by a progressive increase
in the amount of calcite (see Figure 2-9) [35]. Nominally, accelerated carbonation is any carbonation
process which applies more than the atmospheric quantity of carbon dioxide (0.03% to 0.3% CO 2
by volume); this may be up to 100% CO 2 . However, for our purposes an accelerated carbonation
test is a test in which the quantity of CO 2 applied is so high as to produce a different result than
natural (atmospheric) carbonation. Ho and Lewis [101] found a good correlation between a natural
carbonation test and an accelerated test which used 4% CO 2 . Hidalgo et al. [100] used mid-infrared
spectroscopy (FTIR) and thermal analysis to conclude that under accelerated conditions, calcium
carbonate comes mostly from the carbonation of C-S-H gel while under atmospheric conditions it
comes mostly from the portlandite phase. Castellote et al. [36] performed the most complete study
of this issue to date, showing that accelerated carbonation at 3% CO 2 resulted in a carbonated
product similar to that produced under atmospheric conditions, while carbonation at 10% and
100% resulted in a drastically different product. In the first case a C-S-H gel with a reduced Ca/Si
ratio remains in the sample. The second case resulted in complete disappearance of the C-S-H gel.
Thermogravimetric analysis (TGA) has also shown that no trace of Portlandite remains in OPC
samples carbonated at 100% CO 2 [35].
Residual Portlandite
However, this result is seemingly contradicted by the study of Thiery et al. [200], who found by
TGA residual portlandite in the completely carbonated zones of OPC pastes treated with acclerated
carbonation. The authors point out that one explanation is the formation of CaCO 3 crystals around
the Ca(OH) 2 crystals, as observed by Groves et al. in TEM observation of carbonated hardened
C 3 S pastes [91][90][89]. Such a CaCO3 coating would severely limit the diffusion of CO 2 to the
portlandite. This observation is in accordance with the finding by Dunster [68] of a drastically
reduced Ca(OH) 2 carbonation rate after a period of drastic consumption. However, the question
of the residual portlandite phase can be explained by the complete results of Castellote et al. [35],
who monitored the variation in intensity of a particular neutron diffraction reflection in order to
chart the rate of decrease of the (crystalline part of) C-S-H, C-H, and ettringite phases and the
increase in calcite in OPC pastes exposed to accelerated (100%) carbonation throughout a 103 day
period- much longer than the 14d and 28d experiments of Thiery et al. While they found that
the rate of decrease of each phase varied in different cement paste mixes, they observed the same
proportionality between the rate decrease of the different phases. They found that the consumption
of portlandite was the slowest persistent process (ettringite was the most quickly consumed).
Conclusions on Kinetics of Chemistry
In conclusion, the kinetics of the chemical reactions of the carbonation process are important in
determining which cement paste products are depleted. This has been observed to be:
* The extreme reduction of portlandite and partial reduction of C-S-H gel (with the quantity
remaining showing a lower Ca/Si ratio) in natural carbonation [36].
* The complete disappearance of C-S-H gel but the persistence of a residual quantity of port-
landite in accelerated carbonation [200].
* The complete disappearance of both C-S-H and portlandite in natural carbonation [116] and
in accelerated carbonation [35].
* The depletion of all Ca-bearing phases except for C4 AF in portland cement pastes exposed
to CO2-rich fluids, with the possible persistence of a C-S-H phase with a very low Ca/Si ratio
(0.2-0.3) [52].
We expect that this last case is the most relevant to our investigation, in which the mode of
CO 2 attack was by exposure to CO2-rich fluids.
Distribution of Carbonation Products
There does not seem to be a great deal of knowledge about how the carbonation products- calcium
carbonate and silica arrange themselves at the microscale of the cement paste. The recent study
by Hidalgo et al. [100] observed a large difference in grey levels in BSE pictures of carbonated
cement surfaces coming from large differences in Ca and Si contents and attributed this to well-
defined reaction zones (see Figure 2-10). Our results (discussed in Section 7.1) will give a different
interpretation of these images- namely that they show the organization of silica gel and calcium
carbonate in separate regions.
Capillary Porosity
Mercury intrusion porosimetry (MIP) and water desorption measurements of the pore structures
of OPC pastes showed no major change in the amount of capillary pores as a result of carbonation
(although a slight increase in the capillary porosity was noted for OPC pastes mixed with fly ash
and with slag) [144]. The same study (by Ngala and Page) showed, however, a consistent reduction
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Figure 2-9: Neutron diffraction (ND) patterns for three cement paste mixes before and after carbon-
ation (the selected peaks of the different phases have been marked). The C-S-H identifed in these
patterns is a form of crystalline C-S-H- amorphous C-S-H cannot be identified by this technique.
From [35].
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Figure 2-10: Back-scattered electron imaging of raw (left column) and super-critically carbonated
(middle and right columns) cement pastes from Hidalgo et al. [100]. The authors note that alite
and belite grains are the more lightly colored grains in the raw material images. Particles of
unreacted fly ash (FA) and silica fume (SF) are observed in sample C-2. Less features are visible in
the carbonated samples, which the authors describe as dense groundmasses of amorphous material
intimately mixed with calcium carbonate. The authors note the presence of dark inclusions which
appear to be remnants of anhydrous material. A different interpretation of these images will be
offered as a result of our analysis of our own carbonated cement pastes.
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in the overall porosity of OPC pastes and OPC pastes mixed with fly ash and with slag as a result
of carbonation. It can be concluded that this reduction in porosity happens at the scale of the
C-S-H microstructure, Level I.
2.2.3 Level I: Carbonation of the C-S-H Microstructure:
The results found by Ngala and Page [144], that is that carbonation leads to an overall reduction
of the porosity of cement paste and that this reduction of porosity occurs at the level of the C-S-H
microstructure, are supported by additional studies. Castellote et al. [35]. made mercury intrusion
porosimetry (MIP) measurements of an OPC cement paste sample before and after carbonation
and found a reduction of the total porosity, an increase of the bulk density, and a broadening of the
pore-size distribution as a result of acclerated (100%) carbonation (see Figure 2-11). Johanneson
and Utgenannt [113] found that well-carbonated cement mortar has about twice the volume of
small pores (2-7 nm) as a noncarbonated cement mortar. The same study found an 8% reduction
is specific surface area, from 31.8 to 29.4 m 2/g, in well-carbonated cement mortars.
One study by Berger [10] found that the silica gel retains the morphology of the precarbonated
material. The author exposed hydrated C 3 S and C2S pastes to accelerated carbonation conditions
and then treated them with 2N hydrochloric acid to remove the calcium carbonate. As a result
he was able to observe the remaining silicate structure underneath the SEM and note similarities
in the morphology before and after the accelerated carbonation treatment. Figure 2-12 shows a
sampling of the SEM images.
2.2.4 Carbonation of the C-S-H solid: Level 0
As shown by the chemical reactions of the carbonation process (Eq. (2.13)), the products of the
carbonation of the two main hydration products will be calcium carbonate and silica dioxide.
Suzuki et al. [189] studied the formation of these carbonation products from C-S-H prepared with
calcium hyroxide solution and tetraethyl orthosilicate and exposed simulataneously to atmospheric
carbonation. By monitoring both the solid phases formed and the liquid phases they identified
four stages in the simulataneous formation/carbonation of C-S-H. These stages are depicted and
described in Figure 2-13. Interestingly, the authors identify an intermediate "modified silica gel"
phase, which they describe as silica gel partially reacted with calcium hydroxide. Glasser and
Kataoka [81] showed that silica gel placed in an alkali/calcium hydroxide solution reacts with the
solution and adsorbs Ca 2+, and the proportion of pure silica gel in the solid phases increases once
35-,
30
S251 17.5%
20
OPC
E
1.531.
1.3
OPC
12.8 %
OPC-FA
C) 0.018
S0.015
0.012
22.1%
0.0090.0
S0.00
OPC-MS
O non carbonated
N carbonated 100%
OPC-FA OPC-MS
d) .o,8
oo15
0.012
i 0.009
0.006
ni
" 1.E-*03 1.E+02 1.E-01 1.E+00 1.E-01
meaM drtwe (m)
1.E-03 1.E+02 1.E+01 1.E+00 1.E-01
man armwner (Jm)
Figure 2-11: Measurements of pore structure of cement pastes carbonated under accelerated (100%)
conditions by mercury intrusion porosimetry (MIP). a.) Total porosity (percent in volume)- the
percentages of reduction as a result of carbonation are shown above the bars for each sample; b.)
Bulk density measured; c.) Pore size distribution of OPC samples.before and d.) after carbonation.
Modified from [35].
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Figure 2-12: Scanning electron micrographs of (a) C3 S hydrated 6 days, (b) C3 S hydrated 6 days,
dried, carbonated 14 days and treated with 2N HC1, (c) /-C 2S hydrated 180 days, (d) 3-C 2 S
hydrated 180 days, dried, carbonated 13 days and treated with 2N HC1, (e) anhydrous C 3 S and (f)
C3 S carbonated 13 days and treated with 2N HC1. Magnifications are 10,000 times for (a)-(d) and
3,000 times for (e) and (f). The water/solid ratios are 1.0 and 0.15 for (a)-(d) and (f), respectively.
Prior to SEM observation all samples were dried and coated with carbon and gold. Samples (b),
(d), (e) and (f) were "D" dried while critical point drying techniques were used for samples (a) and
(c).
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the quantity of Ca 2+ ions in the solution are sufficiently low. They observed a Ca/Si ratio of
0.24 in the modified silica gel. These observations fit with those made by Taylor [192] of a sharp
jump in the Ca/Si ratio of the solid phase from 0.2 to 1.0 in liquid containing 1 to 2 mmol/L of
Ca 2+ , and also the calcium leaching described by Berner [11]. Making further analogies between
carbonation and decalcification, it has been shown that in the decalcification of white cement paste
and C 3S, there is a transformation of the equiaxed 5nm C-S-H globule into sheetlike structures of
increasing thickness (as measured by SANS) [203]. This may be consistent with the observation of
the formation of a "polymerized Ca-modified silica gel" as a result of both natural and acclerated
carbonation [36][100]. Hidalgo et al. [100] note that "less polymerization" of the C-S-H gel has
been observed in the case of natural carbonation through fourier transform infrared spectroscopy
(FTIR)- it may be that the extent of carbonation plays a role on the structure and compositon of
the fundamental building blocks of the new material.
The second carbonation product- calcium carbonate- has three known anhydrous crystalline
polymorphs- well-crystalized calcite and metastable aragonite and vaterite, all of which have been
identified in the carbonation product of cement paste [100] [52] [85], however there is some disagree-
ment as to when and why the different polymorphs form. Thiery et al. [200] found that in TGA
the temperature range of CaCO3 decomposition would generally shift towards lower temperatures
with increasing level of carbonation (i.e. points in the cement paste bulk closer to the surface of
carbon dioxide exposure), indicating that higher levels of carbonation produce the less stable forms
of CaCO 3 . The different decomposition ranges of CaCO3 identified by Thiery et al. [200]-mode I
(780 0 -990 0 C), mode II (680 0-780 0 C), and mode III (550 0-680 0 C) - may be associated with calcite
[175], vaterite and aragonite [175] and amorphous calcium carbonate [20], respectively. Thiery et al.
additionally report that the metastable calcium carbonates seem to be a feature of the accelerated
carbonation tests [200], which however will reprecipitate into calcite upon contact with water [147]
and further they show by mass balance that the carbonation of Ca(OH) 2 preferentially produces
calcite while the carbonation of C-S-H preferentially produces the metastable polymorphs. These
conclusions match with the results of a study by Goni et al. [85], who found that calcite is formed
from C-S-H gel and CH in the early stages of carbonation while aragonite is formed in the final
stages when the Ca/Si ratio in the C-S-H is low.
On the other hand, Raman micro-spectrometry studies of cement pastes exposed to CO2-rich
fluids have shown that vaterite is present mostly in a 500 pm-wide ring around the carbonation
front, indicating that it is the polymorph which crystallizes first [52] (see 2-15). Further away from
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Figure 2-13: Classification of stages of simulataneous formation/carbonation of C-S-H from Suzuki
et al. [189]. 1st stage: Formation of C-S-H, calcite and the Ca(II)-modified silica gel. 2nd stage:
Formation of calcite from the residual calcium ion. 3rd stage: Decomposition of C-S-H and release
of silicate ion. 4th stage: Change from modified silica gel to pure silica gel.
I __ _ _ _ __ _ ____ ___ _ ____ _ _ __ _ _ _ _ _ C
2.51
i* ° eo
401
0.5 dilution
0 5 10 15 20 25
Ca" mmolI
Figure 2-14: Ca/Si ratio of hydrated cement paste as a function of calcium concentration in pore
solution considering a deionized water aggressive environment. The sharp jump in Ca/Si from -0.2
to -1.0 is explained by the study of Suzuki et al.[189] as a transition from C-S-H to modified silica
gel. From [11].
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Figure 2-15: Component dynamic line-scanning Raman map of the carbonated zone of a cement
paste exposed to wet supercritical CO2, showing the correlation index of each spectrum with the
reference spectrum of vaterite (yellow), calcite (cyan) and aragonite (red), wherein brighter colors
indicate a higher correlation index. A high concentration of vaterite is visible on a 500im deep
zone at the carbonation front, and a second vaterite-rich zone behind may indicate the presence of
a "paleofront", a feature defined by Barlet-Gouedard et al. [5]. From [52].
the carbonation front vaterite is replaced by calcite and aragonite, which have a similar distribution.
Reprecipitation of the vaterite(which has a high surface area, solubility, and dispersion relative to
the other two polymorphs and is extremely rare in nature [128]) into the these two forms causes
a decrease in volume of 2-2.5%. The distinction between these polymorphs may eventually be
important in determining the microstructure of the carbonate cement paste as they have very
different morphologies: in general calcite, aragonite and vaterite correspond to cubic, needle, and
spherical shapes, respectively [128](see Figure 2-16).
2.3 Chapter Conclusion
In this chapter we have presented the body of knowledge about the carbonation of concrete and
cement paste through the lens of a multi-scale thought model which pins the phenomena of car-
bonation to a characteristic length scale. We observed that:
* At Level III, the macroscale of concrete, carbonation has significant effects on the mechan-
ical properties and permeability of concrete, and it also depassifies the concrete, exposing
reinforcing steel to corrosion.
* At Level II, the microscale of the cement paste, it has been shown that all Ca-bearing cement
paste products- which includes alite and belite, the major hydration products (C-S-H and
portlandite) and other hydration products (ettringite)- may be degraded by carbonation, with
the exception of C 4AF. These processes are simultaneous but do not proceed at the same rate.
Figure 2-16: Scanning electron microscopy images of several of the crystalline polymorphs of calcium
carbonate (from left to right and from top to bottom): the spherical form of vaterite; a second form
of vaterite; a mixture of vaterite and aragonite; a third form of vaterite;the cubic form of calcite;
the needle form of aragonite. From [128].
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Accelerated carbonation studies have found that the depletion of portlandite is the dominant
process in the early stages of carbonation but is also the slowest persisent process due to
precipitation of CaCO 3 on the surface of portlandite crystals, shielding a certain "residual
amount" from carbonation until the very end of the process, however it may be that the
process of accelerated carbonation is not relevant to our investigation in which carbonation is
through CO2-rich fluids. Very little is known about the distribution of (remaining hydration
and newly created carbonation) products at this scale; in fact we do not even know if Level
II exists as a scale in carbonated cement paste, aside from the capillary porosity, which we
know is not affected by carbonation.
* At Level I, the scale of the microstructure of the C-S-H gel, it is seen that carbonation causes
an overall reduction and broadening in the distribution of porosity and an increase in bulk
density. In cement mortars it was shown that the distribution of gel pores is shifted towards
a higher proportion of smaller pores (2-7 nm). Also for cement mortars an 8% reduction in
specific surface area was found as a result of carbonation. A precise microstructure has not
been described.
* At Level 0, the scale of the fundamental building block, we know that we have two fundamental
building blocks- calcium carbonate and silica gel. Many observations of the silica gel report
that it is a "polymerized Ca-modified silica gel" and some observations report a Ca/Si ratio
of 0.2 for this formation. Calcium carbonate may form as its well-crystalized polymorph
(calcite), a metastablie crystalline polymorph (aragonite or vaterite), or as amorphous calcium
carbonate, and for the mechanism which most interests us (carbonation by CO2-rich fluids),
it has been shown that vaterite tends to form first and gives way later on to equal proportions
calcite and aragonite. It is unclear what the size of these particles is, but it is known that
the type of calcium carbonate polymorph which forms will drastically change the resulting
shape (spherical, cubic, and needle forms are all possible). In particular, there is a significant
difference in specific surface area and density between vaterite and calcite/aragonite.
In conclusion, we find that that while there is a great deal of knowledge about the carbonation
of concrete and cement paste, there are large gaps of knowledge on Levels II, I and 0. In fact, we do
not know what the characteristic length scales of carbonated cement paste are. The study of the
carbonation of cement paste has far and away been a study of the process, but as we discussed in the
first Chapter, updated concerns make it necessary to also understand the product. We know that
in the cement paste carbonation product there are at least two fundamental building blocks- some
sort of silica gel and some form of calcium carbonate- although multiple forms of these may exist
together, and it is unclear what residual product (C-S-H, CH) might be a part of this structure.
We would like to know: What are the fundamental building blocks of carbonated cement paste, and
how do they organize among and between themselves? In subsequent chapters we will present two
experimental techniques- statistical electron probe microanalysis and statistical nanoindentation-
which probe mechanical and compositional properties on Level I and can be extended to map these
properties over the scale of Level II.
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Part II
Materials and Methods
Chapter 3
Materials
As introduced in the first Part of this thesis, we are seeking to answer the broadly defined research
question: What is/are the fundamental building block(s) of carbonated cement paste, and how do
they organize among and between themselves? More specifically, we define our research question
within the industrial context of the problem of carbon sequestration in oil-well bore holes: What are
the fundamental building blocks of carbonated oil-well cement paste, and how do they organize among
and between themselves? We chose to focus our investigation on a set of oil well cements typical
to that environment in composition (class G), mix design (slurry density) and curing conditions
(elevated temperatures and pressures). We separated the materials for our investigation into two
broad classes- the reference, uncarbonated oil well cement pastes and the carbonated cement pastes.
The investigation of the reference materials probes the influence of the curing temperature and
pressure on the chemical and mechanical make-up of oil well cement pastes and provides a necessary
background to the study of the carbonated cement pastes. In this chapter we describe in full detail
the materials which are the basis of our investigation.
3.1 Reference Oil Well Cement Pastes
The oil-well cement pastes which constitute the reference materials were prepared by Schlumberger.
They all have the same composition- a class G cement paste (see Table 3.1), but were prepared
under different curing temperatures (25 0 C, 55'C, and 85'C) and curing pressures (atmospheric
pressure and 20 MPa), and with different slurry densities (SG) to produce a total of 12 samples, la-
belled according to the format TP-slurry density-curing temperature-curing pressure. All pertinent
compositional information for the samples is contained in Table 3.2.
En tv, ff-s
Figure 3-1: Back-scattered electron images of cores of samples (a) TP-1.90-25-Atm, (b) TP-1.90-
55-20, (c) TP-1.90-55-5, and (d) TP-1.90-85-20. All images taken on 09/03/2009.
The curing temperature and curing pressure of an oil well cement in industrial use will be defined
by the "downhole" conditions- that is, the conditions which exist in the area of the borehole where
the cement is used. The slurry density is the parameter which eventually controls the water:cement
ratio of the paste. Slurry density (SG) and water:cement ratio (w/c) are related as shown in
Figure 3-2. Note that there is an inverse relationship between the two parameters. The maximum
slurry density in this study, 1.90 coincides with a water/cement ratio of -0.44, and the lesser
slurry densities (1.75, 1.55) are related to greater water/cement ratios (~0.65,r1), assuming a
specific gravity of 3.15 for the cement [103]. The use of additives (used in neglible amount in this
study) or cement with a different specific gravity will change this relationship, but the basic inverse
relationship will hold. The approximate range of water:cement ratios of our reference material
(0.44-1) defines a range of useful mix designs for oil well cements: in a primary cement operation
in deep oil wells is seldom less than 0.44 [172]. Figure 3-1 shows back-scattered electron images of
the surfaces of the SG=1.90 sample from each set of curing conditions.
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Figure 3-2: Theoretical specific gravity for cement grout with no additives,
gravity of 3.15 for the cement. From [103].
based on a specific
Composition of Portland cement/class G
CaO SiO 2  A120 3  Fe20 3  minor elements
67% 22% 5% 3% 3%
Table 3.1: The composition of a class G oil well Portland cement.
-:I 5:1
Curing Conditions Slurry Solid volume
Sample Temperature Pressure density (SG) fraction (SVF)
TP-1.90-25-Atm 25 0 C Atm. Press. 1.90 40.32%
TP-1.75-25-Atm 25 0 C Atm. Press. 1.75 33.88%
TP-1.55-25-Atm 25 0 C Atm. Press. 1.55 25.00%
TP-1.90-55-20 55 0 C 20 MPa 1.90 40.35%
TP-1.75-55-20 55 0C 20 MPa 1.75 33.89%
TP-1.55-55-20 55 0C 20 MPa 1.55 24.99%
TP-1.90-55-5 55 0C 5 MPa 1.90 40.35%
TP-1.75-55-5 55 0C 5 MPa 1.75 33.89%
TP-1.55-55-5 55 0C 5 MPa 1.55 24.99%
TP-1.90-85-20 85 0C 20MPa 1.90 40.37%
TP-1.75-85-20 85 0 C 20MPa 1.75 33.89%
TP-1.55-85-20 85 0 C 20MPa 1.55 25.03%
Table 3.2: Mix designs of the 12 reference oil well cements prepared by Schlumberger.
3.2 Carbonated Cement Pastes
3.2.1 Curing
The cement pastes to be carbonated were prepared as oil-field class G cement pastes (see Table
3.1) by Schlumberger (Clamart, France). They were prepared with a slurry density of 1.89 g/cm3 ,
which corresponds to water:cement ratio of 0.45. The samples were hydrated at 900 C and 207 bar
(21 MPa, 3000 psi) for 3 days in cubic molds, according to ISO/API specifications [142]. Some
dispersant, anti-foam, and anti-settling additives were included, but in neglible content. The cement
mineralogy was investigated via XRD and the weight ratios of "dry" (i.e. porosity is not included)
paste components were estimated by the Rietveld method (see Table 3.3). The porosity can then
be estimated as:
Ps = OPw + (1 - 4 )Ppowder (3.1)
where p, = 1.89g/cm 3 is the slurry density, and p, and Ppowder are the density of the water and
the dry powder of the hydrated cement, respectively. From the XRD results we can determine:
(3.2)WiPpowder =
j Pi
where Wj denotes the mass fraction of components j of density pj in the dry powder. We therefore
have all the necessary information to determine an estimate of the overall porosity of the hydrated
material, 0 = 33%, which is close to the value found by poral mercury intrusion techniques in a
Components Slurry density (SG) Weight fraction Wj (%)
C4 AF 3.76 16.38
Quartz 2.62 1.21
Calcite 2.71 2.65
Portlandite 2.25 31.89
Ettringite 1.8 5.72
Katoite 2.76 9.15
Amorphous content (C-S-H) 2.03 33
Table 3.3: Quantitative XRD estimates of the weight fraction of the different mineralogical compo-
nents of a dry powder of hydrated cement pastes (prior to carbonation). Analysis run by Schlum-
berger (Clamart, France)
previous investigation of the same material [169]. The XRD test can also provide estimates about
the macroporosity and the degree of hydration of the pre-carbonation cement paste. The volume
fractions determined by XRD, including an estimate of the macroporoity, are reported in Table 3.4.
The results from the XRD analysis can be compared with estimates from the stoichiometry. The
quantity of portlandite is expected to be:
CCH C3S VCH + C2S CH3.3)CH CH PC C - C S( 2CH
Mc s EMMC2S/ (P c mf
At complete hydration (( = 1), CCH = 0.36. Therefore the hydration degree can be estimated by
comparing the theoretical amount of portlandite at complete hydration with the volume fraction
of portlandite identified by XRD, cXRD = 0.307:
X RD
= cCH = 0.75 (3.4)
CCH( = 1)
From Powers model we can determine an estimate of the amount of macroporosity at this hydration
degree:
cp(( = 0.75) = 0.17 (3.5)
This estimate compares well with what was identified by the XRD, c RD = 0.195.
3.2.2 Carbonation
Following the curing, the cured cement paste cubes were cored to obtain 12.5 mm diameter by 25.4
mm length cylinders for carbonation. The cylinders were placed in a carbonation chamber, wherein
Components Volume fraction (%)
C4 AF 8.2%
Quartz 0.8%
Calcite 1.8%
Portlandite 27%
Ettringite 6.0%
Katoite 6%
C-S-H like 30.7%
Macroporosity 19.5%
Table 3.4: Quantitative XRD estimates of the volume fractions of the different mineralogical compo-
nents of a hydrated cement pastes (prior to carbonation). Analysis run by Schlumberger (Clamart,
France)
they were exposed to carbonation either by wet supercritical CO 2 or by CO2-saturated water, both
in 100% concentrations. A detailed description of this carbonation procedure is given in [6], but
we outline the general procedure, which is set up to recreate the static CO 2 exposure conditions at
the formation/cement sheath interface "downhole" in an oil well.
As described by Barlet Gou6dart et al. [6], the carbonation of the cement cylinders is performed
inside a titanium vessel designed to apply two different forms of CO 2 for the attack- wet supercritical
CO 2 at the top and CO2-saturated water at the bottom. Cylindrical samples of fixed size (including
the sample size- 12.5 x 25.4 mm- described above) are mounted in the chamber at various heights.
Fifteen samples in all must be mounted in the chamber: six are in the top (wet supercritical
CO 2) zone, six are in the bottom (CO2-saturated water) zone, and three sample both phases. The
chamber is filled to about half its height with ph 8 water (which is used instead of saline solution
which might more accurately represent downhole conditions to provide more severe conditions, as
CO 2 is highly soluble in pure water [186]). and then CO 2 is injected into the chamber. As a result
of this set up the sample volume/water volume will be 0.15 and the sample volume to CO 2 volume
will be 9, ratios which are constant during every test in this chamber. At 90 0 C and 280 bars,
water is liquid and CO 2 is supercritical [102][14][13] and therefore the injected CO 2 will form two
CO 2 rich fluids- CO 2-saturated water at the bottom (CO 2 mole fraction in the water is 2.25%)
and water-saturated CO 2 at the top (water mole fraction about 1.8%). The CO 2 pressure during
the test is maintained constant during the test duration by CO 2 injection if the pressure (which is
monitored) drops by even a few bars. Further technical information on this equipment is available
in [5].
The samples for our experimental investigation were run through the experimental carbonation
reactor described above for 4 days or for 3 weeks, allowing for different extents of penetration of the
carbonation process. Four carbonated samples were prepared in total, as at each test duration one
sample was exposed to wet supercritical CO 2 and one to CO2-saturated water. The samples were
cut open into half-cylinders, and it is in this form that they were received at MIT (see Figure 3-3).
As shown in the figure, two zones are visually distinguishable in each of the samples and are labelled
the "alteration zone" or "carbonation rim" (the outer zone) and the "sample core" or "undegraded
zone" (the inner zone). The samples were labelled according to the format C(carbonated sample)-
type of carbonation(A:wet supercritical CO 2 or B:CO2-saturated water)-duration of carbonation(in
hours), as reported in Table 3.5.
Sample Carbonation Duration Carbonation Type Alteration Zone Thickness
C-A-88 88h (4days) wet supercritical CO 2  2 mm
C-B-88 88h (4days) CO2-saturated water 3 mm
C-A-523 523h (3wks) wet supercritical CO 2  5 mm
C-B-523 523h (3wks) CO 2-saturated water 6-7 mm
Table 3.5: The set of carbonated oil well cement pastes.
The (visually) measured alteration zone thickness is consistent with the thickness of this zone
as measured by scratch tests at Schlumberger, the results of which are given in Table 3.7.
3.2.3 Additional Information
We have some information about the macroscopic mechanical properties of the carbonated cement
pastes prior to the carbonation from conventional tests (uniaxial and triaxial tests) run on the
undegraded material. These properties are reported in Table 3.6. In addition, scratch tests, thought
to test local fracture properties of the material, were run on carbonated cement pastes created
simultaneously to the material which we received for our investigation. The results of these tests
are reported in Table 3.7. The size of the carbonation rim, reported in the last column of Table 3.7,
was determined by the evolution of the mean horizontal force of a scratch test run from the edge
of the sample towards the core, as shown in Figure 3-4 for samples prepared simulateneously to
UCS direct 43±2 MPa
Young's Modulus 16.4 GPa [69]
Poisson's ratio v 0.24 [69]
frupt 63 MPa at 30MPa of confinement [69]
Table 3.6: Macroscopic mechanical properties of the carbonated cement paste.
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Figure 3-3: The four carbonated cement paste samples split open into half-cylinders to reveal the
two zones which formed as a result of carbonation- the outer "alteration zone" and the inner "core."
The samples are, from top to bottom and from left to right: C-A-88, C-B-88, C-A-523, C-B-523.
Core Alteration Zone
Mean force Spec. energy Mean force Spec. energy Rim
Sample family I (N) s (N) (MPa) p (N) s (N) (MPa) (mm)
C-A-88 39.18 1.89 24.92 55.21 3.8 36.96 1.75-2.25
C-A-88 40.30 1.44 25.76 53.16 2.06 35.42 2-2.25
C-B-88 40.66 1.19 26.03 56.51 1.06 37.93 2-2.5
C-B-88 42.31 0.95 27.27 55.34 3.81 37.06 1.75-2.25
C-A-523 39.78 1.60 25.37 50.52 1.93 33.43 6.5-7.25
C-A-523 40.01 0.54 25.54 49.06 1.45 32.34 6.25-6.75
C-B-523 40.06 1.05 25.58 52.23 2.72 34.72 6.75-7
C-B-523 38.5 1.63 24.41 49.48 1.87 32.65 7-7.5
Mean 40.09 1.28 25.61 52.68 2.33 35.06 -
Table 3.7: Summary of results of scratch tests performed on carbonated cement paste samples
produced at the same time as the samples received for this investigation. Mean force is mean
horizontal force. For specific energy w about 10 mm equivalent. Incremental depth of cute 0.25mm,
cutter width 2.5mm.
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Figure 3-4: Evolution of the averaged horizontal force versus the
carbonated cement paste from the same family as (a) C-A-88 and
depth of cut for these tests is 0.25mm. Courtesy of Schlumberger.
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samples (a) C-A-88 and (b) C-A-523. The size of the alteration zone as measured by the evolution
of the scratch test corresponds to what was identified visually.
Scanning electon microscopy (SEM) images of the carbonated cement pastes (polished according
to the surface preparation procedures specified in section 4.3.1) were taken to elucidate their make-
up. As is shown in the depiction in Figure 3-3, a clear degradation front was identifiable on each of
the samples, separating the material into an alteration zone and an "undegraded" core. The size
of the undegraded core varied among the samples- understandably it was larger in the "88 series"
samples- those that were carbonated for a shorter period of time. Figure 3-5 shows a back-scattered
electron (BSE) image of what this degradation front looks like in greater detail (on sample C-A-523).
We note distinct differences between the core, in the lower left-hand of the image, and the alteration
zone. We agree with the assertion by Hidalgo et al. [100] that the carbonated material has relatively
less features than the core- which we continue to assume represents uncarbonated material; it does
indeed appear to be a "more dense and featureless groundmass .... with dark inclusions." BSE images
of the alteration zones on all of the samples, presented in Figure 3-6, support this description,
particulary in contrast with BSE images of the sample cores, presented in Figure 3-7, which show
a more "featureful" material wherein the inclusions are lighter than the matrix.
In back-scattered electron imaging, the intensity of a pixel relates to the number of back-
scattered electrons produced from an electron probe at this point, which are in turn proportional
the topography (i.e. the angle of the surface), the density of the material, and the average atomic
number of the material. We observe that the atomic number of calcium is 20 and that of silicon
is 14. and compare the BSE images with qualitative compositional mappings of the calcium and
silicon concentrations by electron dispersive x-ray spectrometry (EDS) (Figure 3-8). The EDS
images explain therefore that the light inclusions seen in BSE in the sample cores are relatively
calcium heavy and the dark inclusions seen in BSE are relatively silicon heavy. Figure 3-9, an
EDS mapping of calcium and silicon at the same zone shown in Figure 3-5 (although rotated in
the image) shows the direct comparison of the core and alteration zone in one image and the same
pattern is identified. The quantitative description and explanation of this pattern is the goal of our
nanochemomechanical analysis.
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Figure 3-5: Back-scattered electron (BSE) image taken of the degradation front on sample C-A-523.
08/27/2008.
BE O2-4d BE C02-5d
Figure 3-6: Back-scattered electron images of alteration zones of samples (a) C-A-88, (b) C-B-88,
(c) C-A-523, and (d) C-B-523. The images all fit the description by Hidalgo et al. [100] of a "dense,
featureless groundmass with dark inclusions." All images taken on 04/17/2009.
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Figure 3-7: Back-scattered electron images of cores of samples (a) C-A-88, (b) C-B-88, (c) C-A-523,
and (d) C-B-523. There is a noteable difference between the samples carbonated for 88 hours (a)(b)
and those carbonated for 523 hours (c)(d). All images taken on 04/17/2009.
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Figure 3-8: Qualitative compositional mapping of Ca (green) and Si (violet) weight concentrations
by energy dispersive x-ray spectroscopy of (a) the alteration zone of sample C-A-88, (b) the core of
C-A-88, (c) the alteration zone of sample C-A-523, and (d) the core of C-A-523. All images taken
on 10/09/2008.
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Figure 3-9: Qualitative compositional mapping of Ca (yellow) and Si (red) weight concentrations
by energy dispersive x-ray spectroscopy of the degradation front in sample C-A-523 (same area as
Figure 3-5, rotated). Scale is on microns. Image made on 08/27/2008.
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3.3 Chapter Conclusion
In this chapter we presented the materials which we investigate in order to answer the indus-
trially focused question: What are the fundamental building blocks of carbonated oil-well cement
paste, and how do they organize among themselves? We presented the reference materials- a set
of class G oil-well cements with a range of temperatures, pressures, and slurry densities (which
inversely correspond to water:cement ratios). The nanochemomechanical analysis of these samples
will provide a background to the study of the carbonated cement pastes, but it will also provide
some answers to the question: What are the effects of temperature, pressure, and slurry density on
nano-scale mechanical and chemical properties of cement paste? We also presented the carbonated
cement pastes and reported the results of preliminary mechanical and chemical tests which showed
significant differences in both the chemistry and the mechanics of the two identifiable material
zones- the alteration zone and the core. We want to investigate these phenomena on the scale of
the microstructure of C-S-H gel, Level I as defined in the previous chapter, although we are not
confident that any C-S-H microstructure remains in the carbonated cement pastes! Our nanome-
chanical and nanochemical techniques, presented in the next Part, will give us the tools to explain
the mechanical and chemical differences we observed here as a result of carbonation.
Chapter 4
Statistical Nanochemical Analysis for
Cementitious Materials
Cement is a complex, heterogeneous material, with structural and compositional heterogeneities
existing on a variety of length scales, some of which are well known and some of which are poorly un-
derstood. Classifying the microstructure of the primary hydration product of cement- the calcium
silicate hydrates (C-S-H)- remains a challenge in the cement research community. In particular it
is a difficult task because C-S-H gel cannot be reproduced in bulk outside of cement paste, where it
is mixed with other components (e.g. unhydrated clinker, portlandite, ettringite). For this reason
it is necessary to employ in-situ testing. In this Chapter we describe how electron microprobe
analysis (EPMA) can be applied to the in-situ study the composition of C-S-H gel (and the other
components of hardened cement paste and carbonated cement paste) on a small scale. We recall
that in the discussion on the state of knowledge of carbonation of cementious materials (see Section
2.2) we saw that we do not know what the fundamental building block of carbonated cement paste
is nor how it organizes into higher scales. To investigate the composition of carbonated cement
at small (nano and micro) scales, we here develop a statistical nanochemical analysis method for
cementitious materials in general, based on EPMA. This method is presented herein, prefaced by
a general discussion of EPMA, describing the two methods (WDS and EDS) available to us, and
the history of EPMA of cementitious materials.
4.1 Electron Probe Microanalysis
Electron probe microanalysis (EPMA) is an umbrella term to describe techniques which characterize
materials based on x-rays emitted as a result of interaction between the sample being analyzed
and an electron beam. This specimen-beam interaction is described below. The electron beam
is the same which is used for the scanning electron microscope (SEM), in which secondary and
backscattered electrons which are also emitted during beam-sample interaction are used to describe
the topography of the sample in secondary electron imaging (SEI) and back-scattered electron
imaging (BSE or BEI), respectively. In difference from secondary and backscattered electrons,
emitted x-rays are characteristic not of topography but of the element from which they are released
(although there is some dependence of SEI and BSE on composition). Moseley [139] [140] first
described the relationship between the wavelength A of emission and the atomic number of the
source element as
B
A = (4.1)(Z - C)2
where B and C are constants which differ for families of ionization types. EPMA uses Mose-
ley's relation to create compositional images from x-ray emissions. Two methods have evolved for
the detection and counting of characteristic x-rays which is necessary to meet this end. Wave-
length dispersive spectrometry (WDS) classifies x-rays by their wavelength, while energy dispersive
spectrometry (EDS) discriminates based on energy. The two methods and their advantages and
disadvantages are described below in order to fully appreciate the motivation of our choice of WDS
as the preferred method for our purpose.
4.1.1 Specimen Beam Interaction
The SEM and the EPMA use an electron beam to excite radiation which is characterstic of the
topography and the composition, respectively, of a specimen. The electron beam is a constant
stream of electrons which arrives at the surface of the specimen with a certain diameter, or "spot
size", which can be adjusted, within limitations, in the electron beam gun. When the electron
beam arrives in the specimen, they begin to interact with the atoms therein and scatter throughout
the mass of the specimen, losing energy by proximity to and collisions with atoms until they have
no energy and are absorbed. Their collisions with atoms cause many different types of emission,
which can be divided into two main classes: elastic scattering events which alter the trajectories of
electrons within the specimen without affecting their kinetic energy and inelastic scattering events
which alter the energy of electrons within the specimen, to the point of completely absorbing them.
The energy which is lost by the electrons in inelastic scattering events is transferred to the atoms
of the specimens and thus is responsible for the generation of radiation from the specimen. The
radiation which is produced may be:
1. Secondary electrons
2. Auger electrons
3. Characteristic and bremsstrahlung (continuum) x-rays
4. Long-wavelength electromagnetic radiation in the visible, ultraviolet, and infrared regions of
the spectrum (cathodoluminescence)
Inelastic scattering events may also cause the creation of electon-hole pairs in semiconductors
and insulators, lattice vibrations (phonons), and electron oscillations in metals (plasmons). Elastic
scattering events are responsible for electron backscattering. Each of these products of primary
beam interaction can be used to derive information about the nature of the specimen, but we are
interested in the production of x-rays, as they carry information about the composition of the
specimen, as per Moseley's relation (Eq (4.1)). X-rays are emitted as a result of two types of
beam-specimen interactions- the continuous and the characteristic process.
In the continuous process beam electrons undergo deceleration in the Coulombic field of the
atom and as a result emit a photon which may have any energy in the range from a fraction of an
electron volt up to the original energy of the electron. Taken as a whole, the radiation resulting
from this process will form a continuous electromagnetic spectrum from zero up to the Duane-Hunt
limit, which is the true energy of the electron-beam energy as the electrons reach the specimen
surface. This limit can be approximated as the energy of the electron-beam as it leaves the gun,
and the intensity of the x-ray continuum, Icm, which is produced can be quantified. Kramers [118]
determined the following relation:
Icm iZ (SWL iZ(E E) (4.2)
where Z is the aveage atomic number (based upon mass or weight fractions of the elemental
constituents) of the specimen, Eo is the incident beam energy, i is the beam current, and E, is the
continuum photon energy. Further work, in particular by Jakshik [107] and Compton and Allison
[45] quantified the Kramers relation (Eq. (4.2)), but ultimately the shape of the background will
depend strongly on the geometry and composition of the detector, especially in the lower energy
ranges, and is empirically fit prior to each test (in the "peak search," which will be discussed in
Section 4.3.2).
Characteristic X-ray Emission
X-ray emission which is characteristic of the element from which it is emitted is produced as a result
of inner shell ionization. An incident electron, striking an atom, may provide it with enough energy
to eject one of the tightly-bound inner-shell atomic electrons. Such an ionization puts the atom
in an excited state, which will immediately decay, causing the atom to release a photon of energy
proportional to the relaxation. Such a relaxation is depicted in Figure 4-1 for a silicon atom.While
in the figure an electron from the L-shell moved in to fill the hole left by the ejection of the K-shell
electron, this could have been done equally well by an electron from the M-shell. We can also
imagine a scenario in which an L-shell electron is ejected by the incident electron and therefore
only an M-shell electron is capable of filling the hole- by definition relaxation is the movement of an
atomic electron from a higher to a lower-energy shell. It is clear that a variety of possible electronic
transitions exist in this simple atomic configuration. Note that lighter atoms, such as oxygen (Z=8:
K=2, L=6), may have no electrons in the M-shell and heavier atoms, such as calcium (Z=20: K=2,
L=8, M=8, N=2), may have electrons in the N-shell, not depicted here. In general, the number of
possible electronic transitions augment with increasing atomic number. In addition the depiction
in Figure 4-1 is a simplification and in fact the electrons in shell do not all have the same energy,
meaning that every L to K relaxation, for example, is not equal. The possible transitions which
exist in the process of inner-shell ionization can be named and the probability of their occurence
can be determined.
The probabilities that a transition will occur is known as its "weight." While there are an
enormous number of electronic transitions which may occur, the most probable transitions are the
KQ,1, the La,1, and the M,,I and Ma,2. Clearly not all transitions will be possible on all elements.
All emissions will be related to the atom from which they come by Moseley's Law (4.1); therefore
if they are properly detected they are very useful in identifying the composition of a specimen.
incident
Figure 4-1: Depiction of the process of inner shell ionization in an atom of silicon (Z=14) with (a)
14 electrons (2 in the K-shell, 8 in the L-shell, and 2 in the M-shell) prior to (b) the arrival of anincid n  electron with enough to energy to ject a tightly-bound K-shell electron resulting in (c) a
hole in the K-shell which (d) is quickly filled by the relaxation of an outer-shell atomic electron,in this case from the L-shell, resulting in the emission of a phot n of en gy proportional to the
relaxation (that is the energy difference between the L-shell and the K-shell).
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4.1.2 Detection
Up to this point we have shown how the electron-beam's interaction with the specimen produces,
among other things, x-ray radiation characteristic of the composition of the specimen. The emission
is radiated isotropically from the specimen, and therefore to capture all of it it would be necessary
to control a spherical surface surrounding the specimen. Alternatively, a constant area of this
surface can be monitored, and as the radiation is isotropic, results will be comparable. In this
section, we will discuss how characteristic x-ray emission is detected in the EPMA, which is a
matter of considerable technology. The two commonly available methods and their advantages and
disadvantages are described below.
WDS
Wavelength dispersive x-ray spectrometry (WDS), as its name implies, classifies x-ray emissions
by their wavelength. From the Moseley relation (Eq (4.1)) we know that the wavelength of an
x-ray can be related to the element from whence it comes. Elements which are expected to be in
the sample are identified prior to beginning the experiment and the characteristic wavelength(s) of
x-ray emissions from these elements are noted. Analyzing crystals located along the Rowland circle
(see Figure 4-2) are oriented such that a crystallographic plane appropriate to the x-ray wavelengths
being analyzed for is exposed. Bragg's Law governs the relationship between the interplanar spacing
of the crystal, d, and the wavelength of radiation, A, which is diffracted by the crystal:
nA = 2dsin (4.3)
where n is an integer, 1, 2, 3,... known as the "order" of reflection, and 0 is the angle of incidence
of the x-ray beam on the crystal. Fig. 4-3 illustrates the operation of Bragg's Law. For emission of
wavelength A selected by the crystal, an intensity maximum will be detected by the proportionality
counter, a piece of electronic equipment whose task it is to count the number of pulses which
reach it in a given amount of time. A high-quality analyzing crystal can be used to measure the
intensity distribution as a function of 0 and the result will be relatively narrow peaks around the
characteristic wavelengths of the x-ray emissions. X-rays which have other wavelengths will be
absorbed by the crystal or pass through it and thereupon not be counted by the proportionality
counter.
WDS therefore requires one crystal-detector pair per element being scanned for. A typical WDS
crystal
electron .
beam
r
Sspecimen detector
S- Rowland circle ,,--
Figure 4-2: Schematic of the use of the Rowland circle in the WDS detector. The incident electrom
beam causes the emission of characteristic x-ray emission in all directions. A certain portion of
this emission reaches a crystal placed along the Rowland circle, a circle or radius r, where 2r is
the distance between the specimen and the detector. The crystal will diffract only emissions of a
selected wavelength towards the detector. Modified from [163].
..... ......... . . -
"
Figure 4-3: The diffraction of emission only of a certain wavelength by a crystal can be determined
according to Bragg's Law. Two x-rays (visualized as photons rather than an individualized photon)
arrive at the crystal together and are specularly reflected by crystal planes which are parellel and
separated by a distance d. The longer x-ray path (A'-B'-C') is longer by a distance 2d sin 0. If this
distance is an integral multiple n of the wavelength of emission A, the reflected beams will combine
in phase.
.... .... . . .. .. .. .... 
system might have 5 detectors, which would allow up to 5 elements to be scanned for simulata-
neously. Up to 10 elements could be scanned for on the same machine if each crystal-detector pair
is used first to scan for one element and then adjusted (according to Bragg's Law) to scan for a
second element, doubling the analysis time.
EDS
In contrast to WDS, electron dispersive x-ray spectrometry (EDS) uses the energy of a photon to
classify it. There is a unique relationship between the energy of a wave, E, and its wavelength, A:
E -= h (4.4)
where c is the speed of light and h is Planck's constant, h = 4.135 x 10- 1 5 eV - s. EDS uses a
lithium-drifted silicon (Si(Li)), a lithium-drifted germanium (Ge(Li)), or a mercuric iodide solid-
state x-ray detector to absorb x-ray emission and form a charge pulse, which is converted into
a voltage pulse, linearly amplified, and passed to a computer x-ray analyzer (CXA), where the
intensity of emission can be found as a function of voltage. A histogram of emission intensity
by voltage gives information about all elements with x-ray emission in the range of voltage being
analyzed. EDS can therefore use one detector to scan for all elements emitting detectable radiation.
Discussion: WDS vs. EDS
Count-rates per unit beam current are normally lower in WDS than they are in EDS, meaning
that it takes longer to obtain the same information in WDS. However, there is more flexibility to
increase beam current and thereby count rates in the WDS as there is no upper limit on maximum
count rates, whereas EDS's one detector limits the maximum count rate for the entire spectrum.
Furthermore the resolution of WDS is better than that of EDS, as shown by the "peak-to-
background ratio", that is the ratio of information to noise. In the WDS, the peak-to-background
ratio is typically about 10 times higher than in the EDS [163]. This results in lower elemental
detection limits and less-processed data in general.
In conclusion, EDS is the quicker, easier method and is very suitable for obtaining extensive
compositional images with a qualitative flavor. WDS is a slower, more laborious procedure but has
the potential to yield data better suited for quantification and for this reason we have chosen to
use it for our investigation.
4.2 History of EPMA Investigation of Cement Constituents
Our investigation is far from being the first to employ EPMA in the study of cementitious materials,
and it is worthwhile to study the uses of the techniqe in the paste to explore the influence of different
experimental parameters and look at methods of data interpretation. The historical application
of EPMA which most interests us is its use in the determination of the Ca/Si ratio of C-S-H in
cementitous material. A large number of studies have reported a wide range of value of the Ca/Si
ratio based on EPMA studies, and we present a (non-exhaustive) summary of these tests in Table
4.1. We will look at the different experimental parameters and methods of data interpretation
which were used as a precursor to the development of our own method.
The first three columns of Table 4.1 report the minimum, determined value, and maximum of
the Ca/Si ratios found in the various investigations in order to make the results comparable. From
some studies all three of these results were reported, from some only the minimum and maximum
values or the determined value were available. The number of EPMA probes of the C-S-H phase
in these studies ranged from several carefully located point probes to several hundred distributed
probes. Other studies found explicit differences between two types of C-S-H, typically identified
as inner product (Ip) and outer product (Op) C-S-H, and the results of these studies are reported
in a similar format in Table 4.2. Again, the number of probes in the studies ranged from several-
wherein the authors visually identified a hydration phase as either Ip or Op C-S-H under the SEM
and then determined the Ca/Si ratio of the observed spot in order to make this distinction to several
hundred- such as the study of Richardson and Grove [168], who ran a 50x50 grid of EPMA probes
spaced at 1 micron. These authors measured calcium, silicon, and other elemental percentages at
these points and developed a set of criteria for distinguishing between inner and outer product
C-S-H:
1. Ip C-S-H was regarded as having Mg>O and Op C-S-H as having Mg = 0. This criterion is
supported by TEM analyses of Ip and Op C-S-H and by earlier work by Taylor and Newbury
[197] showing that magnesium does not migrate away from the inner product region during
hydration and therefore can be used as a chemical marker of the grain boundaries (and thus
the division between Ip and Op C-S-H).
2. All values with Ca/Si > 2 were excluded to account for the effect of inclusion of portlandite
in the probes.
3. An upper limit was placed on the (Al+Fe)/Ca ratio.
In particular, we are interested in criteria no. 2 of Richardson and Groves as it is a means
of identifying C-S-H in a purely quantitative fashion from the composition data provided by grid
EPMA, that is a large number of EPMA probes placed in a grid so as to sample a large number of
representative point compositions. The issue of grid EPMA data interpretation will be revisited at
the end of this section, after a discussion of the experimental parameters in EPMA.
4.2.1 Experimental Parameters
The tests reported in Tables 4.1 and 4.2 show a great variation in both experimental parameters and
the materials which they investigated. Primarily, the experimental parameters which can be varied
during an EPMA investigation are the accelerating voltage which is used and the preparation of
the surface. Three general categories of surfaces were studied: fracture surfaces, polished surfaces,
and etched (fracture or polished) surfaces. Fracture surfaces are rough and lend themselves to
easy visual identification of morphological features under the SEM. They also make it necessary
to readjust the focus of the electron beam prior to every test and so preclude test automation (a
necessary condition for grid EPMA). Additionally the surface roughness may affect the quality of
the results because of large local variations in tilt angle. Polished surfaces can reduce the need
for beam refocusing and thus enable test automation. In addition, they more nearly match the
conditions which are assumed for quantification of the EPMA signal in CITZAF (the algorithm
which was employed in this investigation, see [3])- that is, an infinite half-space with a flat surface.
However, identification of morphological features on a polished cement paste surface can be very
challenging. Lastly, etching can be employed to maximize the exposure of certain morphological
features and can thus be a tool of great use. However it puts into question the validity of the results
without complete detailing of its effects (see the variability of results of the Goto et al. [86] test in
Table 4.1).
The second major experimental parameter is the accelerating voltage. Increasing the acceler-
ating voltage will increase the volume of the specimen which is being analyzed. The effect of the
accelerating voltage on the analysis of cement paste samples was first recognized by Rayment and
Majumdar [160]. The authors attributed the increase in Ca/Si ratio with increasing interaction
volume to the inclusion of neighboring CH or clinker. Taylor and Newbury [196] showed the va-
lidity of this hypothesis by comparing the Ca/Si determined by EPMA tests in the literature with
Ca/Si ratio of C-S-H w/c
Min Value Max Paste w/s Age Voltage Surface Preparation Study
1.35 1.65 2.00 OPC ? 28d-90d 12kV Polished surface Terrier (1969) [199]
- 2.5 - C3S 0.4 21d 30kV Polished surface Roy and Grutzeck (1968) [171]
1.5 1.7±0.1 1.9 C3 S 0.5 24wks 15kV Polished surface Grutzeck and Roy (1969) [92]
2 - 3 OPC 0.6 Id-185d 20kV Fracture surface Diamond (1972) [59]
1.54 1.9±0.2 3.63 C 3S 0.4 3.5yrs ? Fracture surface Diamond (1976) [61]
2.1 - 2.5 C 3S 0.5 lyr 20kV Fracture surface Goto et al. (1976) [86]
1.5 - 3.0 C 3S 0.5 lyr 20kV Etched fracture surface1
- 1.68±0.01 - C3S 0.5 9yr 15kV Polished surface Chatterji (1980) [37]
- 1.7±0.05 - OPC 0.5 8d
- 2.1±0.2 - OPC 0.7 2.5yrs
- 1.82±0.11 - Concrete 0.5 10yrs 10kV Polished surface Rayment and Majumdar (1982) [161]
- 2.7±0.9 - Concrete 0.55 10yrs
1.97±0.26 - Concrete 0.67 10yrs
1.72 - C3S 0.45 23yrs
1.78 - C2 S 0.45 23yrs 10kV Polished surface Taylor and Newbury (1983) [196]
1.86 - OPC 0.45 23yrs
Table 4.1: Direct measurement by EDS of the Ca/Si ratio in C-S-H gel in a number of studies
Ca/Si ratio of C-S-H w/c
Min Value Max Paste w/s Age Voltage Surface Preparation Study
Ip 1.8 2.0 C3 S 0.5 lyr 20kV Etched fracture surface2  Goto et al. (1976)[86]
Op 4 - 4.5
Ip - 1.90±0.05 - C3S 0.6 im 30kV Etched polished surface3  Stucke and Majumdar (1977)[188]
Op - 1.610.1 -
Ip - 2.1±0.2 - OPC 0.3 5yrs 10kV Polished surface Rayment and Majumdar (1982)[161]
Op - 2.7±0.6 -
Ip - 1.9±0.4 - OPC 0.6 5yrs
Op - 2.6±0.9
Ip 1.33 1.65+0.14 1.99 OPC 0.4 2 yrs 15kV Dried polished surface Richardson and Groves (1993)[168]
Op 1.40 1.78±0.12 1.99
Table 4.2: Direct measurement by EDS of the Ca/Si ratio in inner product (Ip) and outer product (Op) C-S-H in a number of studies
In this study of Goto et al. [86], the fracture surface was etched by immersion a glycerol-ethanol solution containing BaC12 for 30 min at the boiling point of
the solution.
In this study of Goto et al. [86] the fracture surface was etched by immersion in ethanol containing 1% HNO 3 for 5 to 30s at 20 deg. C.
In the study of Stucke and Majumdar [188] the fracture surface was etched by immersion in ethanol containing 1% HNO 3 for 2 to 3s or in saturated CaC12
solution for 1 to 2 min.
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Figure 4-4: No. 12, which is for a P-C2S paste. From [196]. Reference numbers are from Taylor
and Newbury text.
the accelerating voltage used in the study (see Figure 4-4). They showed that as the accelerat-
ing voltage tends toward zero, the EPMA results converge with what is found by another in-situ
chemical analysis method, analytical electron microspectrometry (AEM), which has a much smaller
interaction volume. Table 4.3 reports the Ca/Si ratios of C-S-H in C3S and portland cement pastes
as determined by several AEM studies. The large variance in the AEM results shows that escaping
the problem of the interaction volume introduces the problem of great local compositional vari-
ability. However, the problem of the interaction volume is relatively well understood, and can be
quantitatively considered, as we will discuss below.
4.2.2 Data Interpretation
The compositional heterogeneity of cement pastes is unavoidable in in-situ chemical analysis- it
exists on all scales, but it can be quantitatively considered in the case of a probe which samples a
mixture of two or more pure components. Chatterji [37] considered that every EPMA probe would
sample an excited volume composed of a certain proportion of C-S-H and CH. For such a volume
the count ratio of Si to Ca x-ray photons is given by:
Si+ f3(VCa(OH)2) (4.5)
Ica f2(VCSH)
where I's are x-ray counts, V's are the fractional volumes of the components in the excited volume,
and f's are the proportionality constants. The volume is assumed to be completely occupied by
100
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Ca/Si ratio of C-S-H w/c
Min Value Max Paste w/s Age Study
1.25 - 1.81 C 3S 0.8 Id-21d Cliff et al. (1977) [43]
1.24 1.61 1.96 C3 S 0.7 Id-21d Gard et al. (1980) [76]
1.21 1.52 1.88 C3 S 0.47 ld-180d Gard et al. (1980)[76]
- 1.6,1.8.,1.9 - OPC 0.7 1-28d Lachowski et al. (1980)[122]
2.0,2.7,1.8,2.3,1.9 - Finely ground clinker cement pastes 0.5 1-65d Lachowski et al. (1980)[122]
1.8,2.2,2.4 - Finely ground clinker cement pastes+gypsum 0.5 8-31d Lachowski et al. (1980)[122]
1.21 1.46 1.75 C3S 0.45,0.47 lyr-30yrs Lachowski et al. (1981)[123]
1.0 1.53 2.8 OPC 0.33,0.77 2yrs-3yrs Lachowski et al. (1981)[123]
Table 4.3: Direct measurement by AEM of the Ca/Si ratio in C-S-H gel in a number of studies
C-S-H and CH:
VCSH + VCa(OH)2 = 1 (4.6)
It is obvious from Eq. (4.5) that the Ca/Si ratio of C-S-H can be ascertained directly when the
volume of CH at a probe site is zero. At this point, the measured intensity of Si to Ca will be at a
maximum, and so it follows that a probe of "pure C-S-H" can be identified from large number of
probes of our assumed C-S-H/CH mixture by identification of the i maximum. Figure 4-5 (a)IC.
shows a frequency plot obtained by Chatterji for 100 spot analyses of a fully hydrated C3S sample.
The measured maximum of s corresponds to a Ca/Si ratio of 1.6810.01. The author makes a
further argument that the actual Ca/Si ratio will not be the 3 maximum but the extrapolation
of the probability density function (PDF)4 to zero frequency due to a possible smearing of a C-S-
H/CH mixture across the surface of the material as a result of the grinding and polishing procedure
and missing contribution from the tail of the electron beam. In the case of the data in Figure 4-5
(a), an extrapolation to zero frequency yields a Ca/Si ratio of 1.62. By an indirect CH extraction
method, the author determined a Ca/Si ratio of 1.58 for the pure C-S-H phase, strengthening his
argument for extrapolation to zero frequency as the best method for interpretation of EPMA data.
Rayment and Majumdar [161] also randomly sampled many points of cement hydration prod-
uct in their extensive analyses of a wide variety of portland cements. Figure 4-5 (b) shows the
distribution of Ca/Si ratios which they found from 55 EPMA probes on the "inner hydrate" of a
portland cement paste. It is interesting to note the similarity between their distribution and that
of Chatterji- that is, a strong peak with a long tail progressing towards higher Ca/Si (or lower
Si/Ca) ratios. Rayment and Majumdar refined the analysis of the distribution by considering that
silicon could be replaced in C-S-H by aluminum, sulfur, or iron. Figure 4-6 (a) displays the result-
ing distribution of the Ca/(Si+AI+S+Fe) ratio for the same paste shown in Figure 4-5 (b). The
authors concluded that because of the effect of the "substitutional ions" (our term) the range of
values representative of EPMA probes of a pure C-S-H phase were best determined by the peak
in the Ca/(Si+Al+S+Fe) PDF, as indicated by the arrows on the x-axis in Figure 4-6 (a). Values
outside of this range could be deemed impure, that is mixed with some other phase, most likely
CH.
Rayment and Majumdar [161] applied their method of data interpretation to a number of
4 The probability distribution function (PDF, also referred to as the probability density function, f ) is a math-
ematical function in which the frequency of observation is plotted against a variable. The cumulative distribution
function (CDF) can be obtained from the PDF by an integration.
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Figure 4-5: (a) Results of spot analyses carried out on 3CaO-SiO 2 pastes. The two extremes are the
individual measured values; other points are means of the relevant ranges. The horizontal diameter
of the rings represents the uncertainty range. Modified from [37]. (b) Ca/Si ratios for 5 yr, 0.6 w/c
inner hydrate. Total number of results 55, 9 with Ca/Si > 4. Modified from [161].
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portland cement samples with a range of w/c and found an interesting result. Figure 4-6 (b) displays
the proportion of Ca (displayed as Ca atoms per 10 oxygen atoms) of pure C-S-H (determined as
described above) versus the w/c ratio for each paste tested. They note an inverse relation between
the two variables and consider the possibility that the pure C-S-H is not really pure but is an
intermixing of C-S-H with microcrystalline CH due to differences in hydration for the lower w/c
pastes (i.e. w/c = 0.3). However, they rejected this hypothesis on the basis that the amount of
other elements (Si,Al) do not decrease proportionally to the increase in calcium, as also shown in
Figure 4-6 (b).
4.2.3 Section Discussion
The history of EPMA analysis of cementitious materials includes investigations ranging from single
spot probes on morphological features to automated test grids which sample the heterogeneity of
the pastes. As we are interested in describing the distribution of heterogeneity in cement paste
and carbonated cement paste we find the automated tests to be more relevant. A smooth polished
surface was identified as a prerequisite for this sort of test; we will discuss the method of surface
preparation which we use in the following section. Accelerating voltage was also identified as an
important experimental parameter as it directly controls the interaction (sampling) volume. At
accelerating voltages common to EPMA (10-20 kV), some mixing of C-S-H with CH (and other
phases) will always be captured by a grid test. Two different methods for the interpretation of
this mixing in statistical EPMA were identified. The difference between these two methods is one
fundamental assumption- the ability of EPMA to sample a pure C-S-H phase, that is a volume
containing 100% C-S-H (of the solids) and no CH- and we will distinguish the competing hypotheses
as the Chatterji interpretation and the Rayment-Majumdar interpretation. Chatterji holds that the
probability of sampling pure C-S-H with EPMA is very low and so extrapolates his statistical data
to zero frequency in order to determine the Ca/Si ratio of the pure phase. Rayment and Majumdar
assume that a pure C-S-H phase can be sampled with EPMA; although they hold that the effect
of the substitutional ions is important and so use the Ca/(Si+Al+S+Fe) ratio distribution in their
determination. We note that the investigations in which these method were developed used different
accelerating voltages- Chatterji used 15 kV while Rayment and Majumdar used 10 kV. It could
be that at 15 kV EPMA cannot sample a pure C-S-H phase while at 10 kV it can. We find that
regardless of this possible explanation for the difference between the two methods, they are an
illustration of an important question in the interpretation of statistical EPMA- can we sample with
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Figure 4-6: Use of "substitutional" ions (Al, S, Fe) for Si in the C-S-H matrix in the interpretation
of EPMA data by Rayment and Majumdar [161] (a) Ca/(Si+Al+S+Fe) ratios for 5 yr, 0.6 w/c
inner hydrate. The same paste as in Figure 4-5. Arrows denote limits within which results were
accepted. For all samples tested: (b) Ca/O molar ratio (divided by 10) of C-S-H phase vs. w/c;
(c) (Si + Al)/O molar ratio (divided by 10) of C-S-H phase vs. w/c. Modified from [161].
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EPMA a pure C-S-H phase? What is more, we note that both of these methods sought to eliminate
the effect of the C-S-H/CH mixing phenomenon in their interpretation. We will seek to add to the
understanding of the hydration phases of cement paste by giving a quantitative description of this
mixing.
4.3 Mode D'Emploi of EPMA for Cementitious Materials
The original research contribution of this thesis is the development of a consistent mode d'emploi
of electron-probe microanalysis (EPMA) for cementitious materials. EPMA has a history of being
applied to many different types of materials- metals, ceramics, polymers ..... - but its application
to cementitious materials has always been a difficult matter. Section 4.2 outlines the history of
the application of EPMA to the investigation of the composition of the primary hydration phase
of cement pastes, the C-S-H gel. The method which we present in this section will show how
EPMA can be used to understand the mixing and spatial distribution of the primary hydration
products (C-S-H and CH). In contrast to the majority of other EPMA studies, we have chosen
to employ wavelength dispersive (WDS) instead of energy dispersive (EDS) x-ray spectrometry
because the greater precision of WDS will enable quantitative analysis. In particular, we are able
to report chemical compositions not in terms of ratios of elements or oxides but as proportions
by weight of individual elements, a format which to our knowledge has never been used before in
the presentation and interpretation of compositional data from cementitious materials. Complete
details of our method of data presentation and the interpretation of phase mixing and topographic
distribution are given in this section, preceded by an introduction of the experimental parameters.
4.3.1 Surface Preparation
A surface which is smooth on the scale of electrical solicitation of the electron beam is necessary
for a correct experiment. As will be discussed below in Section 4.3.2, the scale of the electron
beam interaction is around 1.5 [m, and so we aim to reduce surface roughness of our cement
paste samples below this scale. The surface preparation procedure described herein is also used for
preparation of the samples for nanomechanical analysis, and in fact it was for this application that
the procedure was originally developed, as presented in [134] and again in [209]. We note that the
scale of mechanical solicitation is approximately the same as the electrical solicitiation, as will be
discussed later.
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All cement paste samples were received in the form of cylinders or half-cylinders 1 inch ('25
mm) long by 1/2 inch (-12 mm) in diameter (see Chapter 3). These dimensions need to be refined
to create a sample which is easibly maneuverable during surface preparation and fits nicely in the
machines- in general the smaller the better. The techniques of nanoindentation and EPMA limit
the minimum dimensions of the eventual sample because both assume that the volume of material
which they solicit is infinite both in depth and in extension. The sample therefore cannot have a
minimum dimension below 15 pm (10 times the approximate size of the electron beam interaction)
and preferably should always be greater than 150 tm. In priniciple of what we can work with with
our hands, we never want to go below 1-2 mm in size. Sections of the sample average around 5
mm in length are cut from the sample using a drop saw (Buehler) with a diamond abrasive blade
(Buehler). The blade was lubricated with n-decane, a volatile alcohol which does not react with
cement paste and quickly evaporates. n-decane is used in the place of water because water could
possibly induce hydration reactions in the fresh cement surfaces and change the character of the
material. Painstaking care is taken throughout the surface preparation and further experimental
procedures to ensure that the sample makes no contact with water. In most cases, two cuts
were made to extrude a sample from the central section of the specimen. In the case of the
carbonated specimens, great care was taken to isolate a section of the cement half-cylinder which
would appropriately provide both degraded and undegraded material for testing.
The freshly cut and properly dimensioned sample is now cleaned in a small ceramic bowl half-
filled with n-decane which floats in a ultrasonic bath. The ultrasonic bath vibrates the n-decane
and shakes loose particles off of the sample. This step is repeated until the n-decane in which the
sample is washed is not sullied by the washing, thus ensuring that all loose particles have been
removed. Following the cleaning of the sample, it is mounted on a metal AFM plate (Ted Pella) 15
mm in diameter with a dab of superglue (see Figure 4-7 (top)). The sample surface, roughly hewn
from the diamond saw and sometimes askew to the plane of the plate, is then subjected to grinding
to make it flush with the mounting plate. Where this is already the case, the grinding step may be
omitted. The sample is ground on 120 grit ZirMet (Buehler) abrasive paper by being held in place
on the sandpaper under a specially machined jig and post while the paper spins around on the
polishing disk to which it is mounted. The jig and post are designed expressly for the dimensions of
our samples. The jig is a metal donut with a 15 mm diameter hole in the center which perfectly fits
the sample mounted on the AFM plate. The post has this same diameter and is inserted through
the top of the jig's hole to hold the sample in place and apply a light weight to it during grinding.
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Additional force can be applied as necessary through the top of the post during grinding. Grinding
continues until the sample surface has been made parallel to the mounting. After grinding has been
completed the sample is washed in an n-decane bath as described above. The jig and the post are
also cleaned thoroughly, first with a non-abrasive detergent, then in the ultra-sonic bath. They
are allowed to air dry or are dried with compressed air. They are not dried with paper towels to
prevent abrasion to the machined pieces.
The final step of the surface preparation is the polishing procedure. Polishing is performed on
a set-up similar to that for the grinding step, depicted in Figure 4-7 (bottom). A hard, perforated,
non-woven pad (Buehler TexMet P) is mounted on a circular polishing table which can spin at two
speeds. The sample is set up under the jig and post in the same way as it was during grinding.
0.5mL of 1 micron diamond solution (Metadi, Buehler) is squirted under the sample- not too much
to cause it to hydroplane but enough to polish the surface. The polishing table is turned on and
spins underneath the sample, held in place by the jig and post, which are in turn held in place
by a metal disk clamped to the rim of the table. The polishing is closely monitored to ensure
that there is the proper amount of fluid under the sample. The speed of polishing can be varied
by changing the speed at which the table spins or by moving the sample to different positions on
the pad. Typically this speed varies from 18 to 25 cm/s. Additional weight can be applied to the
sample through a weight placed on top of the post. Polishing is continued until a surface area
large enough for testing- at least 1 mm in dimension-.has been polished sufficiently. Typically this
requires 8 hours of continuous polishing.
A polish is judged to be sufficient when it is able to distinguish light images like a type of
low-resolution mirror. A standard test for this is to hold examine the polished surface under a
light fixture with two long, fluorescent bulbs. If the two bulbs can be distinguished one from the
other on the surface, the polish is judged to be sufficient. The surface is also examined for visible
scratches whose presence would exclude proper nanoindentation/EPMA testing. The 1 mm area
which is selected for testing must be free of such visible scratches.
4.3.2 Grid EPMA
The chemical analysis of our cement samples employed WDS-EPMA. We ran the experiments on
two WDS machines housed in the MIT Electron Microprobe Facility, a part of the Center for
Geochemical Analysis at MIT's Department of Earth, Atmospheric, and Planetary Sciences. Both
machines are JEOL JXA-J33 Superprobes.
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Figure 4-7: (Top) sample on its mounting plate and (b) equipment used to polish the sample. From
[209].
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Figure 4-8: Monte Carlo simulation (run on Casino) of the penetration of 1000 electrons accel-
erated at 15KV in a beam of radius 1 pm into a C-S-H solid (left) and C-S-H gel (right). The
red trajectories are back-scattered electrons, which result from elastic scattering events. Inelastic
scattering events cause a reduction of energy of the electrons until eventual disappearance in the
specimen bulk. Yellow represents high energy in these trajectories and blue represents low energy.
The effective depth of interaction is about 1.2 p m for the solid and about 1.8 pm for the gel, but
the horizontal extent of interaction is about 1.5 pm for both.
As was discussed in section 4.2.1, the volume of cement paste which the electron beam excites-
the interaction volume- is a very important experimental parameter. Figure 4-4 showed how the
accelerating voltage in EPMA studies correlated with the mean value of the Ca/Si ratio determined
for the C-S-H phase. As was shown from the history of EPMA and AEM studies of cement pastes
and is generally accepted (see section 2.1) cement paste displays heterogeneities on a wide variety of
scales. By proper selection of the interaction volume we can choose to electrically solicit the scale of
the C-S-H gel microstructure (Level I) and so obtain compositional properties on this scale. Shown
in Figure 4-8 is a Monte-Carlo simulation of the volume of C-S-H penetrated by a 15kV electron
beam. We have simulated the C-S-H solid as (CaO) 1 .7 (SiO 2)(H 20),.8 with a density of 2.604 g/cm3,
which were the values for the fundamental C-S-H nanoparticle determined experimentally by Allen
et al. [1], and then in order to consider the effect of porosity and additional water on the interaction
volume, we have simulated the C-S-H gel as (CaO) 1.7(SiO2 )(H 2 0) 4 (the Young and Hansen [214]
value) with a density of 2.604*(1-0.28)=1.875 g/cm3 , where o0 = 0.28 is the Powers value for the
C-S-H gel porosity. These simulations are displayed in Figure 4-8. The effective depth of interaction
is about 1.2 pm for the solid and about 1.8 pm for the gel, but the horizontal extent of interaction
is about 1.5 [Lm for both. This is an appropriate scale to access the compositional properties of
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Level I, and so 15 kV was used as the accelerating voltage throughout all of our EPMA tests.
To completely capture the compositional heterogeneities of cement paste we employed grid
EPMA- that is a large number of WDS point probes arranged systematically so as to sample
indiscriminately the surface of our samples. All grids which we ran for this investigation were
composed of 400 probes. These 400 probes were arranged in 20 x 20 square grids, with a spacing of
either 20 pm or 3 Atm. The larger spacing provides us with compositional information from a large
area of cement paste- 400 x 400 pm in extension- while the smaller spacing provides information
from a much smaller area- 60 x 60 pm in extension- but has the advantage that consecutive points
in this geometry provide contiguous (or nearly) compositional information.
Grid EPMA was applied on sample surfaces which were polished smooth by the method de-
scribed above and then coated with a 25nm thick coat of carbon. The carbon coat is necessary to
allow the charge from the electron beam to dissipate, as cement paste is not a natural conductor.
The smooth, coated surface of the sample was connected electrically to the metal base, and further
on to ground, by a strip of conductive material, usually carbon or silver paint.
When the sample is ready to be tested, it is fixed to a metal frame and then mounted into
the SEM/WDS chamber, which is subsequently pumped to create a vaccuum. The surface is
scanned under the back-scattered electron (BSE) mode of the SEM and a suitable area for testing
is identified. An area is defined as suitable that is smooth, non-charging, and representative of this
sample. The x,y, and z co-ordinates of the point are identified, and a grid of x,y, and z points is
generated from this input based on one of the two geometries described above. The z co-ordinate
is the focus distance, a very important parameter in assuring a consistent WDS signal. The z
co-ordinate and corresponding x and y co-ordinates may be measured at 3 points in the grid, and
the rest of the z points in the grid are found from the plane which is created by these three points.
This can be a very important step in ensuring that the beam is maintained in focus throughout
the test.
In our analysis we checked for up to six different elements: calcium, silicon, magnesium, alu-
minum, iron, and carbon. Each of the elements is assigned to a crystal-detector pair (see Section
4.1.2). The particular machine which we use has 5 detectors, so anytime that more than 5 elements
are sought a detector must seek first for one and second for another. At times this is necessary
even when 5 or less elements are sought, as not all detectors are capable of detecting all elements.
A peak search is performed for each of the elements being sought. A peak search identifies which
wavelength has the maximum signal for an element- this is important to do before each test as the
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position of the peak may vary. Crystals were adjusted to match the selected wavelengths. Cali-
brations of the machine are performed weekly. The mineral standards for which the elements of
interest were calibrated are:
Element Standard
Ca,Si,Al Diopside-jadeite clinopyroxene
Mg, Fe Orthopyroxene
C Graphite
The test is run and each probe was allowed to gather information for 10 seconds. Quantification
of the EPMA results (that is, transformation of the results from element intensities to element
concentrations) is performed on the computer attached to the WDS by the CITZAF algorithm,
developed by Armstrong [3]. The procedure by which the quantified results are interpreted is
described in the following section.
4.3.3 A component model
The interpration of the raw EPMA data is a formidable task which can be aided by the reduction
of the data to a component model which shows clustering of data points. For this task, we employ
the EMMIX cluster analysis algorithm, developed at the University of Queensland in Australia
[131] and publicly available in a FORTRAN source code. EMMIX fits normal or t-component
mixture models to multivariate data, using maximum likelihood via the expectation maximization
(EM) algorithm. From the EPMA data set we extract a bivariate data set wherein Ca is the weight
proportion of calcium and Si is the weight proportion of silicon at a given point. We apply EMMIX
to our bivariate data set and assume normal distributions. The algorithm provides us with a model
which tells us:
* The number of components which best fit the data- g.
* The properties of these components- the mean, m, and dispersion, E.
* The allocation of our data points- that is, to which component they belong.
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The mean and disperion are defined as:
m = mi (4.7)
M2
2a pa1Or2 =(4.8)
PU1U2 U2
where m's are means, a's are standard deviations, i's are variables, and p is the coefficent of
correlation. Because we will not be using it as a mathematical operator, the dispersion can be
reduced to a more useful format:
' = [a1, 2, p] (4.9)
In addition, we can visualize the completely described component as an ellipse, as shown in Figure
4-9. The means describe the center of the ellipse, the standard deviations define its extensions
in the two orthogonal variable directions, and the coefficent of correlation describes the shape of
the ellipse, where p = 0 is a circle, p = 1 is a straight line with a positive slope (showing perfect
positive correlation) and p = -1 is a straight line with a negative slope (showing perfect negative
correlation).
We will use both the numerical and graphical descriptions of the component model to analyze
our data, as we have shown in Figure 4-10 for an example data set from a 3 micron EPMA grid
run on the core of sample C-A-88. As we do throughout this thesis, we define variable 1 as the
weight concentration of calcium (Ca) and variable 2 as the weight concentration of silicon (Si),
but display calcium on the ordinate and silicon on the abscissa. The BIC vs. g plot in the upper
left-hand corner shows that 5 components were determined to optimally fit the data, i.e. g = 5.
The 5 components are depicted in a plot of calcium vs. silicon concentration along with the
experimental points, which are colored according to their component allocation. The components
have the geometry described in Figure 4-9 except that they are stretched to include three standard
deviations. Components are labelled in the corresponding color and numbered in ascending mean
calcium concentration order. The volume fractions of the components are displayed in the lower
left-hand side of the figure. The diagonal lines on the plot represent constant Ca/Si ratios and
are an aid for later interpretation. We will refer to this format of graphical representation of the
data as the "compositional component diagram" (CCD). When we display the mechanical data in
the same format (variable 1= indentation modulus, on the ordinate, and variable 2= indentation
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Figure 4-9: Graphical representation of a normal bivariate distribution. mi and m2 are the means
of the distribution and al and a2 are the standard deviations. p, shown here as the distance
between one variable axis and the point of tangency on the ellipse to the orthogonal variable axis,
is the coefficient of correlation between the two variables. The (blue) positively-sloped ellipse shows
a postive correlation between the two variables: 0 < p < 1, whereas the (red) negatively-sloped
ellipse shows a negative correlation: -1 < p < 0.
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hardness, on the abscissa), we will refer to it as the "mechanical component diagram" (MCD).
4.3.4 Chemical Data Interpretation
The EMMIX cluster analysis algorithm presented previoulsy showed how the data set can be
reduced to a set of components. We introduced the compositional component diagram (CCD) as a
graphical equivalent to the numerical description of the data provided by EMMIX. The CCD, such
as that from the 3 micron test on sample C-A-88 displayed in Figure 4-10, allows for useful visual
interpretation of the data. In particular, from the CCD we can identify two prominent types of
features- poles and ligands- whose intepretation we discuss in this section.
Poles and Ligands
We hereafter call a pole a component which represents an intense clustering of data points around
a mean composition, i.e. a component with relatively small standard deviations. A pole can have
a large volume fraction- such as component 1 in Figure 4-10- but this is not necessary. The
interpretation of a pole is simple- we assume that it represents an approximately homogeneous
compositional phase and we therefore know its makeup and volume fraction. In the case of the data
shown in Figure 4-10, we interpret the pole- component 1- to represent C-S-H. The composition of
this component (mean Ca=31.8%, mean Si=10.4%) is near that of C-S-H (according to Young and
Hansen [214], CacsH=30.0% and SicsH=12.3%) and its volume fraction (vf=50.1%) makes
it the dominant component in the model, consistent with what we would expect for C-S-H in a
well-hydrated cement paste. We note that component 1 is not an infinitely small spot, which is
ultimately what we a reducing it to when we interpret it as a pole, but an ellipse with a positive
coefficient of correlation (p = 0.371). A positive correlation between the two variables, Ca and
Si, in this component indicates that they are in fairly consistent proportion to each other; that is,
the Ca/Si ratio does not vary much. In fact, the orientation of component 1 is in approximately
the same direction as the straight lines on the CCD which depict constant Ca/Si ratios. This
observation reinforces the interpration of component 1 as C-S-H.
We call a ligand a component which approximates a straight line between two compositions.
Ligands can be identified visually, but also by their coefficients of correlation, which should be
near 1 or -1, but at least above 0.5 or below -0.5. Figure 4-10 has three ligands- components 3
(p = 0.965), 4 (p = -0.952), and 5 (p = -0.653). We interpret a ligand as a mixture between two
phases and will expound upon this interpretation in the following. The compositions of the two
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2 Ca 33.23 5.10 2.225 30.5%
S 6.25 281
3 Ca 40.35 4.39 4.406 6.7%
Si 13.78 1.04
4 Ca 49.97 4.14 -6.360 7.6%
Si 2.66 1.61
5 Ca 50.45 2.66 -0.533 5.2%
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Figure 4-10: Graphical (the compositional component diagram, CCD) and numerical description
of g-component mixture model fit to data from 3 micron EPMA test on the core of sample C-A-88.
g = 5, as shown in the BIC vs. g plot in the upper left-hand corner. The 5 components are shown as
ellipses in a plot of calcium vs. silicon concentration along with the experimental points, which are
colored according to their component allocation. The ellipses include three standard deviations of a
normal bivariate distribution. Components are labelled in the corresponding color and numbered in
ascending mean calcium concentration order. The volume fractions of the components are displayed
on the lower left-hand side of the figure. The diagonal lines on the plot represent constant Ca/Si
ratios.
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anchor points of a ligand are not always clear as the ligand may be "incomplete"- that is, it may
not "touch" one or both of its anchor points. An illustration of this phenomenon are components 4
and 5 in Figure 4-10, both of which are clearly oriented towards the pole of the diagram (component
1) but which do not touch it. The identification of the anchor points of a ligand must be done with
some knowledge of the phases which are found in the sample. Such knowledge can either come
from the identification of poles (as discussed above) or from knowledge of the stoichiometry of the
phases which one would expect to find in the sample. In the case of the CCD presented in Figure
4-10, we interpret the ligands as follows:
* Component 3 represents a mixture of belite (Cac 2s=46.5%, Sic2s=16.3%) and C-S-H.
* Component 4 represents a mixture of portlandite (CaCH=54.1%,SiCH=O%) and C-S-H.
* Component 5 represents a mixture of alite (Cac3 s=52.7%, Sic 3s=12.3%).
In some cases, such as the identification of mixes involving clinker phase (alite, belite and
C 4AF) we are not interested in interpretation of the ligands beyond the identification of the phases
which they represent. In other cases, such as the mixture of C-S-H and CH, we are interested
in understanding more about the mixture. A general procedure for the analysis of any two-phase
mixture which we may identify (not only C-S-H and CH) is developed below.
Two-Phase Mixture Analysis- Application to the Hydration Phases
Consider that the composition of all possible pure (i.e. no third party phases are involved) mixtures
of two phases must be a linear combination of the compositions of the component phases:
Camix = ACa + (1 - A)Caii (4.10)
Simix = ASij + (1 - A)SiII (4.11)
where A is the proportion of Phase I in the mix. Eq. (4.10) can be simplified by considering an
"axis of mixing" which defines the path along which possible pure mixtures might lie. For further
simplifcation, the axis of mixing will be normalized such that the mixing axis coordinate, 77, will
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be 1 at the compostion of pure Phase I and will be 0 at the pure composition of Phase II.
S= A(1) + (1 - A)(0) (4.12)
(4.13)
= A (4.14)
We see that the mixing axis coordinate is simply equal to the proportion of Phase I. In addition, A
will be directly linked to the Ca/Si ratio, and we can make this relationship explicit by a formulation
of Equation (4.10):
ACal + (1 - A)Cai* Ar(Si)
ASiI + (1 - A)Silr Ar(Ca)
Call + A(Car - Caii) Ar (Si)
, (4.16)
Sirz + A(Sii - Sij1 ) Ar(Ca)
Where Ca/Si is the molar ratio of calcium to silicon, and Ar is the atomic weight:
Ar(Si) = 28.09 (4.17)
Ar(Ca) = 40.08 (4.18)
Now consider that Phase I is C-S-H and Phase II is portlandite. The compostion of portlandite is
well defined by its stoichiometry:
Call = CaCH = 54.1% (4.19)
SiH4 = SicH =0% (4.20)
but the composition of C-S-H is not. As we specified previously, the composition of the anchor
points of a two phase mixture represented by a ligand in the CCD can be specified either by
known stoichiometries or by the identification of a pole. While there are many estimates for the
stoichiometry of C-S-H, we can use the values of the C-S-H pole when we have identified one, as
we did in the case of the data presented in Figure 4-10. Such a definition is tantamount to the
assumption that the pole does not in itself represent a mixture of the two phases under consideration,
which goes beyond the simple definition of a pole as representative of a homogeneous compositional
phase. We recall from Section 4.2.2 that previous statistical EPMA studies of cementitious materials
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have differed over the classification of the C-S-H pole as free of portlandite. The Rayment and
Majumdar interpretation holds that the pole in fact represents pure C-S-H with no CH mixing,
while the Chatterji interpretation holds that it is highly improbable that the electron beam will
sample a pure C-S-H phase and therefore the pole represents C-S-H mixed with some (small)
amount of CH. Initally, our assumptions agree with the former interpretation. In the case of the
data presented in Figure 4-10 we have:
Ca 1  = Cacomp.1 = 31.8% (4.21)
Sij = Sicomp.1 = 10.4% (4.22)
Equations 4.10 and 4.12 can thus be applied to the appropriate data set; the mixing axis which is
defined is shown in Figure 4.3.4. While the data set could be simply the ligand component- compo-
nent 4 (see Figure 4.3.4)- we are interested in making a more physically meaningful interpretation
of the data. We make the assumption that C-S-H and CH are the only hydration products and
define the hydration products as those data points not included in the components which represent
either a pure clinker phase or a mixture containing a clinker phase. We recall that we previouly
defined components 3 and 5 in the CCD (see Figure 4-10) as mixtures of clinker (belite and alite,
respectively) and C-S-H. The hydration phase data set in this case is therefore all experimental
data points allocated to components 1, 2, and 4.
The result of the application of the mixture model (Equations 4.10 and 4.12) to the hydration
phase data set yields interesting information about the mixing of C-S-H and CH in all instances of
hydration product- based always on the simplifying assumption that these two phases are the only
hydration phases. Figure 4-11 shows the distribution of A-values for the data set in Figure 4-10.
The PDF of experimental values can be fit with g-components by the EMMIX cluster analysis
algorithm described above, which in this case took only one variable, A, in the input data. Three
components were found to optimally fit the data, and these components are also displayed in
the figure. Features found in the A distribution have analogies to those found in the bivariate
distribution, but their interpretation can be taken one step further. Strong peaks are like poles
and correspond to materials which are relatively homogeneous with respect to the proportion of
the two phases in the mixture. Flat curves are like ligands and represent disordered mixing of
the two phases. We note that in the case of the distribution in Figure 4-11, our assumption that
the pole in Ca-Si space represents a pure C-S-H phase with no CH mixing leads us logically to
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the conclusion that the dominant component in the A distribution represents pure C-S-H. In the
Chatterji interpretation, we would find this same distribution and then calculate the composition
of pure C-S-H from the point at which the pdf goes to zero- in this case at A _ 1.25. This value of
A corresponds to:
Cac-S-H,lim = 26.2% (4.23)
SiC-S-Him = 13.0% (4.24)
This is quite different from our initially assumed values, so we see that the intepretation does in
fact have a very significant effect on the final composition of C-S-H which we extract from our data
set, resulting in a Ca/Si ratio of 1.41 for the C-S-H, whereas under our intial assumptions the Ca/Si
ratio was 2.14. These values straddle the values of Ca/Si=1.65-1.7 found from molecular simulation
[154] and direct measurements by neutron scattering [1], so perhaps the two interpretations can
be viewed as "limit cases" to the reality. However, the assumptions which we make here do not
greatly change the interpretation of the hydration phase mixture, as using the "limit" values of C-
S-H composition instead of the pole values would be equivalent to a stretching of the A distribution.
Figure 4-12 shows the spatial variability of A. The probe points which were classified as rep-
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Figure 4-11: The distribution of A-values found in the analysis of the hydration products in the 3
micron grid on sample C-A-88 displayed as a probability density function (pdf). In our interpre-
tation, A is the weight proportion of C-S-H at each data point if we make the assumption that the
electron beam samples a pure mixture of only C-S-H and CH. The theoretical mixture model found
by EMMIX for the distribution is displayed as the individual components (the colored bell-curves)
and the sum of the components- the thick black curve. A three component model was found to be
the best model in all cases.
resenting clinker influence (components 3 and 5) are displayed in white, while the A value of the
hydration phase data set is displayed with a color code. The interpretation of the spatial variability
is useful in the case of EPMA grids with a 3 micron spacing in between probes, such as in Figure
4-12, where we are able to see how A varies in a continuous manner over a material zone.
4.3.5 Section Discussion
In this section we have presented a mode d'emploi for grid EPMA on cementitious materials. We
began with the details of the preparation for and execution of a grid of EPMA probes with WDS
detection and standard-based quantification. We then presented a method for the interpretation of
the test data which is the original research contribution of this thesis. We introduced the concept of
the component model and its visual representation- the compositional component diagram- for the
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Figure 4-12: The spatial variation in A in the 3 micron EPMA grid on the core of sample C-A-88.
The color bar indicates the value of A (the pdf of which is displayed alongside). White points were
classified as clinker and excluded from the analysis.
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reduction of our bivariate data. Finally, we presented a procedure for the analysis of the raw EPMA
data and the component model taken together which focuses on the identification of homogeneous
compositional domains and mixtures. We developed a simple two-phase mixture model and showed
how it can be interpreted for a mixture of the two main hydration products of cement paste- C-S-H
and portlandite.
4.4 Chapter Summary
The tools presented in this Chapter give us a complete methodology for accessing and interpreting
compositional information at Level I- the scale of the C-S-H microstructure in cement paste. The
experimental technique which we employ- electron probe microanalysis- is based on the phenom-
enon of characteristic x-ray emission which is a result of the interaction between an electron beam
and a specimen. It is a powerful tool and has been used extensively in the analysis of cementitious
materials, principally in the investigation of the composition of the C-S-H solid- the Ca/Si ratio.
Our methodology proposes a change from the standard use of electron dispersive x-ray spectrom-
etry (EDS) for the detection of the characteristic x-ray signal to the use of wavelength dispersive
x-ray spectrometry (WDS). The greater accuracy of WDS allows us to develop a method of data
interpretation which is based on absolute elemental mass proportions instead of oxide proportions.
We show how our method of data interpretation can be used for the identification of composition-
ally homogeneous domains and two-phase mixtures. The application of the tools which we have
developed in this Chapter are applied to the investigation of the Level I composition of our reference
oil well cement pastes and carbonated cement pastes in Chapters 6 and 7, respectively. In the next
Chapter we discuss a parallel method of investigation- statistical nanoindentation- which allows
us to access mechanical properties on the same scale.
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Chapter 5
Indentation Analysis
The second pillar of our investigation of carbonated cement pastes will be nanoindentation analysis.
The application of indentation analysis to our cement paste samples is enabled by an extensive
development of the grid nanoindenation technique for cementitious materials in previous work by
Constantinides and Ulm [48], Vandamme and Ulm [209] and Gathier and Ulm [77]. This Chapter
is based heavily on the work of these authors and the presentation is in particular inspired by that
of Vandamme and Ulm. Herein we present the aspects of indentation analysis which serve us in
the investigation of our reference and carbonated materials. We begin by answering the question:
What is an indentation test? We then discuss the machinery which was used, and finally present a
mode d'emploi of statistical indentation techniques for cementitious materials, similar to the mode
d'emploi of statistical EPMA for cementitious materials presented in the previous Chapter. In this
last section we present a new method for data interpretation.
5.1 The Indentation Test
An indentation test consists of pushing an indenter tip of known geometry and mechanical properties
orthogonally into the surface of the material of interest (see Figure 5-1). During the indentation
test, the load P applied to the indenter tip and the depth h of the indenter with respect to the
indented surface are continually recorded, and a P - h curve is the result of this test. This P - h
curve can be analyzed to reduce the indentation test to two parameters: The indentation modulus
M and the indentation hardness H.
Indentation problems are contact mechanics problems: Two bodies (an indenter and a material
half-space) interact mechanically through an area of contact (which is not known a priori except for
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Figure 5-1: (1) The indentation test begins with an indenter probe of known geometry and a flat
material of infinite extension- an infinite half-space. (2) The indenter probe is pushed into the
material half-space at a specified loading rate while load P and depth of indentation h are recorded
until a maximum load, Pmax, is reached (3) The indenter probe is then unloaded while P and h
continue to be recorded. In the case of indentation into a plastic material some final deformation
hf may remain.
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Figure 5-2: Some common indenter probes and the factors which describe them: d, the degree- of
the homogeneous function which describes the shape of the probe, and B, a proportionality factor
which represents the radius at unit radius. Modified from [209].
the specific case of flat punch indentation). The first analytical contact mechanics solution came
from Hertz, who in 1881 defined the mean contact pressure (also referred to as the "indentation
stress") between two spheres of different radius based on purely elastic deformation. His solution
for the mean contact pressure depends on the elastic properties of the two spheres, the loading,
and the geometry of the problem. The solution was extended to the case of spherical indentation
on a material half-space by setting the radius of one of the spheres to infinity. Hertzian contact
solutions were also developed for conical indenters. For conical indenters the radius of contact of
the indenter with the material half-space and the depth of penetration always have a constant ratio,
independent of the load, resulting in a self-similar strain field in the material during loading.
We are interested in a solution of the indentation problem for indentation on cement paste.
Cementitious materials are cohesive-frictional elasto-plastic materials- that is they are governed by
an elastic material behavior up until they reach a strength domain defined by their granular nature.
The solution will take the form of a link between (local) mechanical properties of our cement paste-
the indentation modulus M and the indentation hardness H- and the measured parameters of the
indentation test- the indentation load P as a function of the indentation depth h. The details of
the solution which we will use are presented below.
5.1.1 Indentation Modulus
A solution for the indentation of an elastic half-space by a rigid indenter was first developed by
Love for the cases of a flat punch [126] and a conical punch [127]. The general solution for a rigid
axisymmetric indenter of arbitrary shape was developed in 1953 in the former USSR by Galin
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[73] and presented in the United States by Sneddon [184]. It is now known as the Galin-Sneddon
solution. The Galin-Sneddon solution is derived under the assumption of small perturbations,
that is small displacements and small deformations, an assumption which has been shown to be
reasonable [93].
The Galin-Sneddon solution reads:
S = 2 MA (5.1)
where S = dP/dh is the contact stiffness measured during unloading (see Figure 5-3), and Ac the
projected area of contact between the indenter tip and the indented material at the maximum load.
This relation is known as the BASh formula. The application of this solution to the indentation of
cement paste- which is an elasto-plastic material- seems unintuitive, as the indentation modulus is
measured from the unloading portion of an indentation test, after the material has already reached
the plastic domain. However, many recent developments ([38] [39] [40] [48] [155]) have shown that the
initial part of the unloading curve samples only the elastic properties of the indented material.
Essentially, we can estimate that the unloading portion of the indentation test is the same as the
loading curve of the same material by an indenter of another shape (notice that the unloading curve
is just a transformation of the loading curve, see Figure 5-1). This is the concept of the "effective
indenter", introduced by Pharr and Bolshakov [155]. Pharr and Bolshakov fit the unloading phase
of Berkovich indentation tests on a range of elasto-plastic materials with the the following power
function:
P _ c(h - hf)m  (5.2)
With the power exponent 1.2 < m < 1.6, Eq. (5.2) can be equated to P - c(he) m of an effective
indenter.
Determining the shape of this effective indenter requires the introduction of self-similarity into
the problem. Self-similarity is the property by which the spatial distributions of its properties at
various moments in time can be obtained from one another by a similarity transformation [4]. In
the case of the indentation test this implies that the displacement fields at any load P can be
inferred from the displacement fields at a given load Po. The self-similarity of any Hertzian contact
problem with a non-convex punch is established when [18] [19]:
1. The shape of the punch (indenter probe) is described by a homogeneous function whose degree
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is greater than or equal to unity.
2. The constitutive relationships of the indented material is homogeneous with respect to the
strains or the stresses.
3. During the contact process, the loading at any point is progressive. That is, as soon as the
indentation load is decreased, the indentation test may lose its self-similarity.
The concept of the effective indenter, which finds an equivalence between the unloading curve
and a loading curve, aims at satisfying the last condition. The second condition of self-similarity is
satisfied by the finding that we remain in a uniform domain of material behavior- elasticity- at the
initial part of the unloading curve where the measurement of S is made. Finally, the first condition
must be met by the shape of the effective indenter.
The real indenter which we use is a Berkovich probe, which can be approximated as an ax-
isymmetric cone with an equivalent cone-opening angle of 70.3' (see Figure 5-2). The shape of an
axisymmetric probe is described as:
z(r) = Br d  (5.3)
where r is the radius of the probe at a given height z, and B is a proportionality factor that repre-
sents the radius at unit radius. For the Berkovich indenter probe approximated as an axisymmetric
cone, d = 1 and B = cot(70.30 ), which meets the condition of geometric self-similarity. As a result,
the entire problem shows self-similarity, and we can determine the indentation response- load P,
indentation depth h, contact depth he, and projected area of contact Ac- of an indentation test
from a known indentation response (Po, ho, hco, Aco) by means of a similarity transformation [16]:
P h 2+,c(d-1)
= 
(  ) (5.4)
Po ho
where n is the degree of the homogeneous constitutive function which governs the relationship
between stress and strain:
F(Ae) = A'F(e) (5.5)
In elasticity, a, = 1 and the scaling relation (5.4) can be applied to Eq. (5.2) to find an estimate
for d:
d -1 E ;5] (5.6)
The obtained estimate for d is clearly greater than the value of d = 1 which characterizes conical
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Figure 5-3: The determination of S, the unloading loading at maximum load, from the indentation
diagram.
and pyramidal probes; according to Pharr and Bolshakov [155], it comes closes to an equivalent
paraboloid shape, for which d = 2.
The indentation modulus can therefore be determined from the initial unloading slope if we also
know the area of contact at maximum load (Ac). The area of contact can be determined by the
Oliver and Pharr method [148]. For axisymmetric probes in a self-similar indentation problem the
contact depth-to-indentation depth ratio is:
hatc = cst.
h
Oliver and Pharr [148] find:
(5.7)
(5.8)he Pmax
--1 - -e
hmax Shmax
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Where E = 3/4. The contact area is linked to the contact radius a by:
Ac = ra 2  (5.9)
And the contact radius can be determined from the contact depth by Eq. (5.3), rewritten:
hc = Bad (5.10)
Constantinides verified experimentally that the Oliver and Pharr method provides a good estimate
of the projected area of contact for cementitious materials [48]. We thus have a means of determing
both Ac and S and ultimately the indentation modulus M, which is directly linked to the elasticity
of the material, from the parameters of an indentation test on a cmentitious material.
5.1.2 Indentation Hardness
The indentation hardness H is defined as the average pressure below the indenter:
def P
H A (5.11)Ac
where P is the load applied to the indenter and Ac is the projected area of contact between the
indenter tip and the indented material, determined by the Oliver and Pharr method [148]. Hardness
is often thought to be related to the strength of a material. For metals, Tabor suggested a rule-of-
thumb relation between indentation hardness H and uniaxial strength a, [190]:
H- 3  (5.12)
However indentation hardness is not a material property and its physical meaning is still subject
to debate [40]. The central objection to using indentation hardness to back-calculate plastic or
strength properties via indentation analysis is the non-uniqueness of the solution of the reverse
analysis. In fact, for cohesive materials with work-hardening, very different material properties
(yield strength-to-Young's modulus ratio and work-hardening exponent) can yield identical inden-
tation hardness values and even identical loading curves. However, for the case of indentation into a
cohesive-frictional elasto-plastic material, Ganneau et al. [75][205][74] developed a dual indentation
approach which allows the determination of cohesion and friction of a Mohr-Coulomb solid from
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the dependence of the hardness-to-cohesion ratio H on the cone angle 0:
H
- = IIH(p, 0) (5.13)
C
where i = tan 0 is the Coulomb friction coefficient. So for a cohesive-frictional elasto-plastic
material, H can be viewed as linked directly to the strength of the material. In addition, recent
developments by Cariou and Ulm [27] and Gathier and Ulm [77] give a similar solution for a
cohesive-frictional material whose strength behavior is governed by the Drucker-Prager strength
model:
H = HH(,, 0 = 70.320) = A(1 + Ba, + (Cas)3 + (Da,)10 ) (5.14)
as
In which:
A = 4.76438
B = 2.5934
(5.15)
C = 2.1860
D = 1.6777
For the specific case of a frictionless material (as = 0), for which the tensile strength ,, is linked
to the cohesion c, by ay = V3cs,, Eq. 5.14 yields:
H 1
- 1HH s = 0, 0 = 70.320) 2 2.75 (5.16)
ay
This value is in very good agreement with Tabor's rule of thumb (Eq. 5.12). The value of indenta-
tion hardness H which we can determine from Eq. (5.11) for an indentation test on cementitious
material is directly linked to the strength of the material.
5.1.3 Indentation into a Heterogeneous Material
Problem formulation
Consider an indentation test into a porous material composed of a solid phase and an (empty)
pore space (see Fig 5-4). The characteristic size of the porosity, d, is of the same order as that of
the solid particle and is much smaller than the depth of indentation, h. Therefore the indentation
modulus M and the indentation hardness H which are extracted from the indentation test by means
of the analytical tools developed in the previous section are composite properties. If we assume in
addition that the constitutive behavior of the solid phase is characterized by a set of mechanical
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Figure 5-4: An indentation test into a porous material. The characteristic size of the porosity, d, is
the same as the size of the solid particle and much smaller than the depth of indentation, h. The
solid particle has the properties: solid modulus m, poisson's ratio v8 , solid cohesion vs, and solid
friction angle a,. Modified from [27] .
properties (elastic modulus m, Poisson's ratio vs, cohesion cs, and friction coefficient as) which
are constant throughout the studied domain, we can develop an indentation analysis which will
link the measurable composite properties (M, H) to these constituent properties of the solid phase
(ms, c8 , a ) and characterize the morphology and specific parameters of the microstructure, such
as volume fractions, porosity 0, and solid concentration or solid packing density r = 1 - 4. Given
the disparity between the two measurable composite indentation properties and the large number
of constituent and morphological properties, this problem does not present itself as trivial. The
solution to this problem, inspired by the presentation of Vandamme and Ulm [209], is presented in
this section.
Scale Separability in Microporomechanics Indentation Analysis
Continuum microporomechanics provides us with tools for deriving this link between composite and
constituent and morphological properties. Continuum microporomechanics, like any other field of
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continuum mechanics, begins with the assumption of a representative elementary volume (rev),
which is an intermediate mechanical system on a scale L. This scale is bounded by restrictions
based on the microstructure and mechanical solicitation:
* L must be large enough compared to the characteristic size of heterogeneities in the mi-
crostructure, d, to include enough heterogeneities so that the composite response at the scale
of the rev is representative of the material in a statistical sense.
* L must be small enough compared to the size of mechanical solicitation, which in the case of
an indentation test in a semi-infinite half-space is defined by the indentation depth h or the
contact radius a (see Figure 5-4), to ensure that the solutions for the indentation modulus
and indentation hardness of a homogeneous solid presented in Section 5.1.1 and 5.1.2 may
legitimately be applied to link indentation data to composite mechanical properties.
These conditions are summarized in the scale-separability condition:
d << L << (a, h) (5.17)
Scale separability in an indentation test can be ensured with some knowledge of the character-
istic size of heterogeneities in the microstructure of the indented material and of the size of the
mechanical solicitation. This second scale is easily monitored during an indentation test. In this
investigation, the smaller scale, d, is defined by the characteristic size of the C-S-H solid particle-
about 5 nm. In this section we present solutions which link the composite indentation modulus M
and the composite indentation hardness H and the microstructure of the composite when the scale
separability condition is established.
Indentation Modulus-Packing Density Scaling Relations
Consider the indentation modulus M determined from an indentation test by means of the BASh
formula (Eq 5.1):
def
M L S (5.18)
where S = (dP/dh)h=hmax is the initial contact stiffness measured during unloading, and Ac the
projected area of contact between the indenter tip and indented material determined, for instance,
with the Oliver and Pharr method. The indentation test conditions are such that the indentation
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modulus M is representative of the elasticity content of the indented material only, as discussed
in section 5.1.1. Consider then that M is the indentation modulus of a two-phase (solid plus
pore) composite that satisfies the scale separability conditions (Eq 5.17). The parameters upon
which the indentation modulus M depends are therefore the elastic properties of the solid phase
(ms, vs), which we consider constant throughout the rev subjected to the indentation load, and
the microstructure (morphology and porosity q, or alternatively packing density, q = 1 - q). A
dimensionless relation takes the following form:
M S= IM(s, ) (5.19)
ms
where IIM will be defined based on the morphology with which we choose to characterize the
microstructure of the solid-pore composite. The morphology which is most relevant to our nanoin-
dentation analysis is a granular morphology with spherical particles. This morphology was found
by Constantinides and Ulm [48] to be a good model for the C-S-H gel, and it is the express aim
of our nanomechanical analysis of the reference oil well and carbonated cement pastes to extract
the microstructural properties (i.e. the packing density) of this phase. A nanogranular morphology
is best modeled by the polycrystal scheme, developed independently by Hershey [98] and Kroner
[119], in which it is impossible to determine one dominating matrix phase among all phases present
in the composite. In the case of this morphology IIM in Eq. (5.19) becomes [48]:
ic _ Msc_ S (9(1 - ), + 4 M s 3 y, )( 3 y, + 4) (5.20)
ms 4(4AMSc + 3 y)( 3 7, + 1)
where MSC is the composite indentation modulus, y, = 2(1 + v,)/3(1 - 2v,) > 0, and MSC is the
composite shear-to-solid shear moduli ratio:
Msc 1  5 3 (3 - ) (5.21)2 4 16
+- V/144(1 - -y) - 480(1 - ) + 400(1 - 0)2 + 4 087,(1 - ) - 120' 8(1 - )2 + 97Y (3(55.3
16
Relation (5.20) is plotted in Figure 5-5. It is evident from the plot that the change in poisson's ratio
has little effect on the relation. Furthermore, we notice that the spherical granular morphology
is characterized by a percolation threshold at qo = 1/2, i.e. a packing density below which the
granular composite has no stiffness.
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Figure 5-5: Normalized homogenized indentation modulus M/ms versus packing density 77 for a
self-consistent scheme. From [209].
Hardness-Packing Density Scaling Relations
Consider the indentation hardness determined from an indentation test:
P
H = (5.23)
Ac
The hardness is assumed to be representative only of the strength properties of the material, as was
discussed in Section 5.1.2. It follows, then, that the indentation hardness of a two phase composite
system consisting of solid and pores will depend of the strength properties of the solid phase (the
cohesion c, and the friction coefficient a,; recall Eq. (5.14), the microstructure, defined by the
packing density 77 or equivalently the porosity, ¢ = 1 - 7, and the geometry of the indenter probe,
0. Therefore:
H
-= IIH(as, 7, 0) (5.24)
h,
where h, is the asymptotic hardness of a cohesive-frictional solid phase that obeys the Drucker-
Prager criterion (see section 5.1.2). h, is a value intrinsic to the solid phase, that is it has no
dependence on the morphology. We therefore modify Equation (5.14) to:
h- = A(1 + Bas + (Ca,) 3 + (Da,)10 ) (5.25)
Cs
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with:
A = 4.76438
B = 2.5934 (5.26)
C = 2.1860
D = 1.6777
The determination of the dimensionless relation between the indentation hardness and the hardness
of the solid phase (Eq. (5.24) was made by Vandamme and Ulm [209] by mapping the hardness
to cohesion/ratio given by Eq. (5.25) over the range as, [ 3/40, ] and rE [0.5, 1]. Gathier and
Ulm [77] fit the simulation results to a function of the form:
H- II(n, 'o) + as(1 - )H2(a2 00) (5.27)
where the first term is the frictionless portion of the function, while the second term captures the
effect of the solid friction on the normalized hardness-packing density scaling relation. For the
polycrystal morphology the following fitting function was determined:
c(2(2- 1) - (2 - 1) (1 + a(1 - ) + b(1 - )2 + (1 - )3 ) (5.28)
29- 1HSC(as,) 2 - 1 (d + e(1 - n) + f(1 - )as + goa 3 ) (5.29)2 2
with
a = -5.3678 d = 6.7374
SC: b = 12.1933 e = -39.5893 (5.30)
c = -10.3071 f = 34.3216
g = -21.2053
This fitting function will act as a solution which links the measured indentation hardness H, the
solid hardness hs, the solid friction angle as, and the solid packing density nj for our cement paste
indentation tests.
5.2 Indentation Equipment
The equipment which we use to perform indentation tests on our hardened cement paste samples is
a CSM Instruments (Peseux, Switzerland) Nanohardness Tester (NHT). The NHT is essentially a
box within which are mounted the chamber which holds the indenter probe, an optical microscope
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with three magnifications (5x,20x,100x), and a table which can move in the x, y, and z directions.
Movement between the microscope and the indenter head is calibrated so that the site of indentation
on a sample surface may first be visually identified and then moved to the indenter for testing. To
set up an indenation test, the stage moves up until the thermal calibration ring of the indenter head
is resting on its surface. During indentation the stage does not move; all movement comes from the
z movement of the indenter probe. The movement of the probe is controlled by a current which
passes through a coil which is mechanically connected to the tip and causes a magnetic attraction
to be generated between the coil and a magnet in a fixed position, thus allowing the indenter probe
to apply a specified load- the indentation test is load controlled. The z-movement of the indenter
tip is monitored at a rate fixed by the user (typically 10 Hz) and recorded via the change in voltage
of a parallel plate capacitor.
The NHT can apply a maximum load of 300 mN (resolution 40 nN) and the range of z-movement
of the tip is 20 pm (resolution 0.04 nm). Vandamme and Ulm [209] measured the noise to be
1.68±0.17 pN in load and 0.154±0.015 nm in depth. The resolution is a measure of the precision
of the electronic control of the test- these numbers are provided by the manufacturer- while the
noise reflects a combination of the resolution with the mechanical precision of the indenter tip
movement. The mechanical precision is much lower than the capability of the system electronically
and so is the limiting factor. We also made measurements of the noise in the x and y movement of
the stage and found that it has a maximum value of 1.5 pm. To minimize mechanical noise of the
test, the NHT is kept in a controlled laboratory environment, mounted on an antivibration table
to eliminate mechanical interaction with the environment.
5.2.1 Calibration of Machine
To ensure precision in the application and measurement of load and displacement during the in-
dentation test, several calibrations are performed regularly.
Shape Area Calibration
The indenter probe has an assumed geometry (usually Berkovich) but it may vary from this slightly
either due to its manufacture or to wear over time. Especially at shallow indenation depths (-100
nm) incorrect assumptions about the geometry of the indenter probe may have significant effects
on the results. The shape area calibration is run frequently to provide the most accurate estimate
of the Ac(hc) function- that is the area of contact of the probe as a function of the contact depth.
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In a theoretical indentation test this function is well-defined by the rather simple geometry of the
indenter, which in the case of a Berkovich indenter probe has an infinitely sharp tip. In reality, at
the time of manufacture the tip of a Berkovich indenter will have some level of bluntness, usually a
radius of curvature greater than 30 nm [209]. Ac(hc) can be determined by atomic force microscopy
(AFM) or scanning electron microscopy (SEM) [46], but these are rather time consuming methods.
However, A,(hc) can also be determined indirectly and much more quickly by indentation on a
material whose mechanical properties are homogeneous and well-known. Typically we use fused
silica, which has the indentation modulus MFs = 72 GPa [54]. To calibrate the contact area the
indentation analysis is run backwards- A, is determined from M by the BASh formula (Eq. 5.1)-
and the determination of h, is made as usual by the Oliver and Pharr method (see Section 5.1.1).
As a smooth function is necessary, the following relation is determined to fit the data points:
A ) 2 1/2 4h 1/4+... (5.31)
A+(h) = Clhc + C2 hc + - + . (5.31)
The value of C1 is the fixed area-to-depth constant of the perfectly sharp indenter (C1 = 24.58 for
a Berkovich indenter), and {Ci}j,> are the factors which represent the deviation of the indenter
shape from the theoretical.
Frame Compliance
The incorporation of the frame calibration into a loading test is a common problem in mechanical
testing. The problem arises because the application of the load deforms the frame which holds the
load-bearing device and thus changes the reference. We can consider therefore that the displacement
which is measured is a linear combination of the real displacement in the sample (h) and the
movement of the frame (hfram,,,e):
hmeas = h + hframe (5.32)
The deformation of the frame- like the indentation depth- will be dependent on the applied load.
We can model the frame movement as a linear spring of compliance Cf:
hframe = PCf (5.33)
where P is the applied load. Due the specific design of the NHT, the frame compliance is fixed,
C = 0.1 nm/mN and requires no calibration.
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Electronic-Mechanical Interface
The relationship between the electronic and mechanical parts of the indentation test must be well-
defined and recalibrated as necessary. The two interfaces are the load versus applied current and
the depth versus change in capacitance. The load applied by the indenter tip to the specimen is
proportional to the current passed into the loading coil- this proportionality factor is calibrated
every two years by hanging weights of precisely known mass on the indenter and measuring the
current necessary to bring the indenter back to its initial position. The z-movement of the indenter
tip is measured by the change of capacitance in a parallel plate capacitor. This is also a linear
relationship, and the proportionality factor must be calibrated every two years by indentation on
a calibrated piezoelectric crystal with a spherical indenter.
Thermal Drift
Thermal drift is the quantification of variations in the depth measurement signal in an indentation
test resuling from thermal expansion or contraction of the sample or indentation apparatus during
an indentation test. Thermal drift on the order of Inm/s is common in indentation testing. The
NHT is designed by CSM instruments in such a way that it does not require a thermal drift
correction- the differential depth during an indentation test is recorded by the thermal drift ring
which sits on the surface of the sample and thereby acts as a type of "floating reference"- the
movement of the thermal calibration ring will be the same as the thermal drift of the sample and
so this can easily be removed from the measured displacement.
5.2.2 Pre-Test Calibration
The indenter is also depth-calibrated prior to each test or grid of tests. During depth calibration
the range of vertical movement which the indenter has is carefully set so that it will be able to
locate the surface during each indentation. Depth calibration begins with the upward movement of
the stage holding the sample until the surface of the sample comes into contact with the thermal
calibration ring, which will remain in contact with the surface of the sample for the duration of the
test. This movement is controlled by a process of the indenter. Depth calibration then begins-- the
indenter tip approaches the sample very quickly (at 1,000 mm/min) and when its rate of movement
is slowed by more than the "delta slope factor" (usually 25% for cement paste), the depth is recorded
and an estimation of the surface location in the z-direction is calculated. The user then has the
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opportunity to set the range of the "window" which defines the approximate range in which the
surface is expected to be located. During the indentation test the indenter will descend rapidly
until it reaches this window; once it is in this range it will move at a user-defined, slower speed as
it seeks the surface. For this reason the definition of the window is an important step in setting
up the indentation test- making the window too large will greatly increase the time of the test (in
particular a concern for grid indentation, where many tests need to be run), making it too small
runs the risk of having the indenter tip plunge into the specimen without ever realizing that it has.
The window was typically set about 6 pm above the sample surface in the case of our tests.
5.3 Mode D'Emploi of Statistical Indentation Techniques for Ce-
mentitious Materials
In this section we present the mode d'emploi for stastical indentation testing of cementitious materi-
als. This mode d'emploi was originally developed by Constantinides and Ulm [48] and subsequently
refined by Vandamme and Ulm [209]. The goal of the method is the extraction of a "mechanical
signature" of cementitious materials, analogous to the chemical signature which is the result of the
statistical EPMA method presented in Chapter 4. This mechanical signature should be able to
completely describe the distributions of mechanical properties (indentation modulus and indenta-
tion hardness) and microstructure (packing density) of our materials. Because we know that cement
paste is a highly heterogeneous material, we must carefully design the indentation test to sample
properties on a meaningful scale, but we must also employ grid indentation to sample heterogeneity
on a broader scale. We close this section with a discussion of how the data is interpreted to create
the "mechanical signature."
5.3.1 The Indentation Test
The goal of the single indentation test is to sample meaningful mechanical properties. In particular,
we want to sample the mechanical properties of the C-S-H gel, and thus also be able to determine
the packing density of this phase. We recall the scale separability condition which will allow us to
apply the indentation analysis developed in this chapter to a solid-pore composite:
d << L << (a, h) (5.34)
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L is the scale of the rev from which mechanical properties are extracted, (a, h) define the scale
of mechanical solicitation of the indentation test, and d defines the scale of the solid (or pore) in
the solid-pore composite. We also need to consider that the volume of material solicited by the
indentation test must be small enough not to be influenced by heterogeneities on a higher scale,
which in this case is the scale of the microstructure of the C-S-H gel (i.e. the length scale of the
different C-S-H gel types). Constantinides and Ulm [48] referenced the thin-film analogy to ensure
that the measured elastic properties do not diverge by more than 10% from the intrinsic elastic
properties of the phase:
h 1
- < (5.35)
D 10
This criterion, also known as Buckle's rule-of-thumb, has been experimentally verified for titanium-
titanium monoboride composites [46]. We can combine criteria (5.34) and (5.35) to define a range
of acceptable interaction length scales for indentation on cementitious materials:
do << hmax << di/10 (5.36)
Where do _ 5nm is the size of the C-S-H solid and d, is the size of characteristic size of the C-S-H
microstructure. Ulm et al. [206] showed the existence of homogeneous material regions extending
beyond 3pm in cementitious materials (see Figure 5-7), and SEM studies (e.g. [71]) have found
d, - 2pm. From this information, we determine that an appropriate depth scale of indentation is:
hmax - 200mm (5.37)
However the indentation test is load controlled. Vandamme and Ulm [209] found that
Pmax - 2mN (5.38)
satisfies criterion (5.37) well from trial and error on cement pastes. Furthermore, we are interested
in employing a depth of indentation which will allow us to sample a similar volume mechanically
as we did chemically with statistical EPMA (see Section 4.3.2 ). At a load of 2 mN, the volume
of material which is mechanically solicited by the indentation test will be about 1.5 pm [209]- the
terrific comparability between the two techniques is illustrated in Figure 5-6.
Finally, the loading profile is additionally defined by the duration of the loading phase 7L, the
holding phase TH and the unloading phase -u. The holding phase is of particular importance- it
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Figure 5-6: Similarity of volumes of (left) excited by the electron beam in electron microprobe
analysis (EPMA) and (right) mechanically solicited during a nanoindentation test. (Left) Monte
Carlo simulation of C-S-H gel penetrated by a 15KV electron beam. (Right) Finite element solution
of Von Mises' stresses underneath a 2mN indentation load. Modified from [206].
must be long enough to ensure that the measured stiffness (which we recall is measured at initial
unloading) is representative of the elastic properties of the indented material but short enough that
the measured hardness is representative only of the strength. Vandamme and Ulm [209] found by
convergence that an appropriate loading profile is defined by TL = TU =10 s and - H =5 s.
The complete parameters of the indentation test are:
Maximum Load 2 mN
Loading Rate 12 mN/min
Holding Time at Max. Load 5 s
Unloading Rate 12 mN/min
Surface Seek Speed 2000 nm/min
Delta Slope Factor 25%
Data Acquisition Frequency 10 Hz
5.3.2 Packing Density Distribution
As we showed in Chapter 5.1.3, there is a direct link between the indentation modulus and the
packing density and between the indentation hardness and the packing density for the perfectly
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Figure 5-7: For a nanoindentation test on w/c=0.3 with 3 Am spacing, (clockwise from top left):
Optical microscope image of nanoindentation grid; Mapping of mechanical properties showing ho-
mogeneous material regions of the same properties (hatched boxes are tests which were removed
because of irregularities in the indentation response; here 43/400). Probability density and decon-
volution of indentation modulus M and indentation hardness H in four phases (LD C-S-H, HD
C-S-H, UHD C-S-H, and clinker). From [206].
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Grid Geometry Type No. of Indents Spacing of Indents
20x20 400 20 pm
40x40 1600 20 fIm
20x20 400 3 um
40x10 400 20 pm
Table 5.1: The geometry of the three types of square nanoindentation grids employed in this
investigation.
disordered granular morphology which we assume for C-S-H gel.
M HM (, 70 = 1/ 2 ) (5.39)
ms
H Il- i(r,o) + as (1 - n)l12 (o2,, 770) (5.40)
hs
An indentation on a given segment of C-S-H gel yields two mechanical properties- M and H- which
both link back to physical properties of the gel, specifically the packing density n7, and the properties
of the C-S-H solid: the solid modulus m, the solid cohesion cs, the solid friction angle as, and the
solid hardness h,. This means that for every indentation test, we have two known properties and
five unknowns. However, for a series of indentation tests run on different segments of C-S-H gel,
the solid properties will always be the same based on the assumption that different C-S-H gels are
compositionally similar but structurally distinct (Jennings' model, see Section 2.1.3). Therefore for
N indentation tests we have 2N known values and N+4 unknowns. For any number of indentation
tests N > 4 we have an over-determined problem and all unknowns can be solved for.
5.3.3 Grid Indentation
For this experimental investigation, we employed four different indentation geometries for our
nanoindentation grids. All grids contain at least 400 indents, and, except for in one case, we
always employed square geometries. The grid geometries are summarized in Table 5.1. Three of
the geometries employ a 20 pm spacing between indents. This is sufficient distance to excluded
interaction effects between indents, which are run to depths of 100 to 500 nm. On grid geometry
employs a 3 pm spacing, which is not at least 10 times greater than the maximum indentation
depth. However, previous studies [209] have shown no significant interaction effects at this spacing.
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5.3.4 Data Interpretation
The execution of an indentation grid will provide a bivariate (M and H) data set with 400 (or
1600) entries. Our method of analyzing this data differs from that used to analyze similar data by
Constantinides and Ulm [48] and Vandamme and Ulm [209]. The first authors used a "deconvolution
technique" in which they manually fit a number of probability density functions (PDF) to the
experimental frequency plot (a normalized histogram) of each measured parameter. An example
of this technique is shown in Figure 5-7. Vandamme and Ulm automatized the process in an effort
to make the deconvolution results independent of the operator. In the deconvoltuion technique,
the two variables are linked only by the volume fractions, and the authors used the cumulative
distribution function (CDF) instead of the PDF to fit the data.
Here we use the EMMIX cluster analysis algorithm, presented in Section 4.3, which keeps the
bivariate data set completely linked. We recall that a biviariate distribution is defined by its mean,
m, and dispersion, E:
m = i (5.41)
m2
2
E =P12 (5.42)2
P912 0 2
where m's are means, a's are standard deviations, i's are variables, and p is the coefficent of cor-
relation. In the previously used deconvolution technique, the direction of greatest dispersion must
always be in one of the orthogonal directions, such that the visualization of a bivariate distribution
will always be an ellipse (or a circle) whose major axis lines up either with the indentation modulus
or indentation hardness axis. This difference between the two techniques is depicted in Figure 5-8,
where it can be clearly seen that in the deconvolution technique, the correlation p will be held at
zero.
The fact that the EMMIX component model allows correlation into the data fitting is imporant,
as illustrated by Figure 5-9, which shows an example data set from a 20x20 nanoindentation grid
on sample TP-1.90-55-20. In this data set we see that the major axes of the components are often
"diagonal"-- that is, not parallel to either axis. This is alternatively demonstrated by the high
coefficients of correlation reported in the table in Figure 5-9.
In the case that our nanoindentation test comes from a hydrated cement paste we expect our
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Figure 5-8: Graphical representation of a normal bivariate distribution with correlation (the ellipse)
and without (the circle). m, and m2 are the means of the distribution and al and a2 are the
standard deviations. p, shown here as the distance between a one variable axis and the point of
tangency on the ellipse to the orthogonal variable axis, is the coefficient of correlation between the
two variables. In this representation, 0 < p < 1; when p is negative the ellipse is sloped in the
opposite direction.
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H 0.67 0.1
2 M 26.24 6.2 0.652 65.3%
H 1.19 0.35
3 M 72.12 37. 0.933 6.3%
H 5.76 4.32
Figure 5-9: Graphical (the mechanical component diagram, MCD) and numerical description of
g-component mixture model fit to data from the nanoindenation test on sample TP-1.90-55-20.
g = 3, as shown in the BIC vs. g plot in the upper left-hand corner. The 3 components are shown
as ellipses in a plot of indenation modulus vs. indentation hardness along with the experimental
points, which are colored according to their component allocation. The ellipses include three stan-
dard deviations of a normal bivariate distribution. Components are labelled in the corresponding
color and numbered in ascending mean indentation modulus order. The volume fractions of the
components are displayed on the lower left-hand side of the figure.
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Table 5.2: Ranges of mechanical properties of the C-S-H phases as determined by Vandamme and
Ulm
LD C-S-H HD C-S-H UHD C-S-H
MLD HLD 7 LD MHD HHD -7HD MUHD HUHD IUHD
16-26 0.27-0.88 .62-.71 27-40 0.74-1.45 .69-.82 36-54 1.15-2.35 .78-.90
Table 5.3: The range of mechanical properties identified for each of the C-S-H phases in an inves-
tigation of a wide variety of cement pastes by Vandamme and Ulm. M and H are in GPa.
component model to reflect the mechanical properties of C-S-H phases determined in the literature
[209] [48]. We can compare the mechanical component model with the work of Vandamme and Ulm
[209] as a reference. The authors studied a wide range of cement pastes and reported the values
of indentation modulus, indentation hardness, and C-S-H packing density which they obtained for
low-density (LD), high-density (HD), and ultra-high-density (UHD) C-S-H. We report the range of
values which they found in Table 5.2.
Nanoindentation tests on cement pastes which are not completely hydrated will yield some tests
whose indentation moduli and hardnesses are well above the range of C-S-H mechanical properties
reported in Table 5.3 as they derive from tests on stiff unhydrated material- the clinker [209][48].
We identify a mechanical component as clinker (or more generally, as non-C-S-H) whose indentation
modulus or indentation hardness is greater than the solid modulus of the C-S-H particle, m, =65
GPa, or the solid hardness, h. =3.0 GPa [154]. Thus we can define a hydrated data set from the
indentation data in a fashion analogous to the definition of this set from the chemical data (see
Section 4.3.2). In the analysis of our chemical data we defined this data set in order to study the
mixture of C-S-H. In the analysis of our mechanical data the defintion of the hydrated set is a
necessary step for the analysis of the microstructure which we presented in Section 5.3.2.
5.4 Chapter Summary
In this Chapter we have shown how we can employ grid nanoindenation to determine mechanical
and microstructural properties of our highly hetergeneous cementitious materials. The procedures
which we have shown have heavy theoretical backing developed by previous authors ([48] [209] [77]);
we have presented a streamlined version of their work in this chapter with a focus on our application.
The results of our grid nanoindentation analysis of the reference oil well cements and the carbonated
cement pastes will be presented in the next Part of this thesis.
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Chapter 6
Investigation of Reference Materials
In this Chapter we present the results of our dual chemical-mechanical analysis of the reference
oil well cements described in Section 3.1. We are investigating these samples with the goal of
understanding the effect of curing conditions (temperature and pressure) and slurry density on the
composition and mechanical properties of the microstructure of cement paste. We begin with a
presentation of the results of our EPMA analysis which show a link between curing conditions and
the presence of portlandite in our cement pastes. We then present the nanoindentation results,
which show that slurry density is of much more import than curing conditions in determing the
mechanical and microstructural properties of a cement paste.
6.1 EPMA Analysis
In this section we present the results of the statistical EPMA analysis of the reference cement pastes.
The result will be a "chemical signature" for oil well cement pastes cured at high temperature and
pressures which we can refer to in the subsequent chemical analysis of our carbonated cement
pastes. From each of the four curing conditions (see Chapter 3) we have chosen one sample- that
with the highest slurry density, 1.90- for EPMA testing. The following grids were run:
The compositional component diagrams (CCD) which resulted from these tests are displayed
in Figures 6-1 to 6-6, alongside the numerical description of the component model. While no
two CCD's are exactly the same- and one CCD (that of sample TP-1.90-55-5, see Figure 6-5) is
strikingly different- we will probe the commonalities and differences among the tests to establish
our "reference chemical signature."
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Si 11.00 0.70
2 Ca 31.55 2. 0.092 23.8%
Si 8.85 1.23
3 Ca 36.79 5. 0.455 22.9%
Si 6.70 2.92
4 Ca 48.17 4.3 -0.765 14.7%
Si 3.15 1.37
5 Ca 50.39 0.75 -0.096 4.7%
Si 10.27 0.29
6 Ca 54.09 2.3 -0.165 5.7%
Si 0.85 0.19
Figure 6-1: Chemical make up of sample TP-1.90-25-Atm displayed in the form of the compositional
component diagram (CCD) and given in tabular format for a 3 micron EPMA grid. In the CCD,
components are numbered in ascending mean calcium concentration order. The allocation of a an
experimental data point is indicated by its color. The ellipses are centered on the mean values of
the component and have an extension which covers 3 standard deviations of the assumed normal
bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios of 1.2
and 2.3.
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Elemental Concentration of Silicon (Mass%)
standard coefficient of volume
Component mean deiiation correlation fraction
1 Ca 30.76 1. 0.451 42.1%
Si 8.90 1.15
2 Ca 32.37 3.09 -0.051 32.8%
Si 6.06 2.06
3 Ca 38.81 10.42 0.784 5.6%
Si 8.80 3.07
4 Ca 45.86 5.33 -0.754 19.5%
Si 2.99 1.72
Figure 6-2: Chemical make up of sample TP-1.90-25-Atm displayed in the form of the compositional
component diagram (CCD) and given in tabular format for a 20 micron EPMA grid. In the CCD,
components are numbered in ascending mean calcium concentration order. The allocation of a an
experimental data point is indicated by its color. The ellipses are centered on the mean values of
the component and have an extension which covers 3 standard deviations of the assumed normal
bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios of 1.2
and 2.3.
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Figure 6-3: Chemical make up of sample TP-1.90-55-20 displayed in the form of the compositional
component diagram (CCD) and given in tabular format for a 3 micron EPMA grid. In the CCD,
components are numbered in ascending mean calcium concentration order. The allocation of a an
experimental data point is indicated by its color. The ellipses are centered on the mean values of
the component and have an extension which covers 3 standard deviations of the assumed normal
bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios of 1.2
and 2.3.
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Elemental Concentration of Silicon (Mass%)
standard coefficient of volume
Component mean deviation correlation fraction
1 Ca 32.56 3.66 -0.530 21.6%
Si 5.50 2.30
2 Ca 33.78 1.45 0.064 54.3%
Si 9.70 1.46
3 Ca 44.57 7.16 -0.944 19.8%
Si 4.68 2.88
4 Ca 47.03 2.57 -0.339 4.3%
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Figure 6-4: Chemical make up of sample TP-1.90-55-20 displayed in the form of the compositional
component diagram (CCD) and given in tabular format for a 20 micron EPMA grid. In the CCD,
components are numbered in ascending mean calcium concentration order. The allocation of a an
experimental data point is indicated by its color. The ellipses are centered on the mean values of
the component and have an extension which covers 3 standard deviations of the assumed normal
bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios of 1.2
and 2.3.
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Si 10.15 1.64
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Si 5.63 1.75
3 Ca 35.16 4.79 0.424 7.0%
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Figure 6-5: Chemical make up of sample TP-1.90-55-5 displayed in the form of the compositional
component diagram (CCD) and given in tabular format for a 3 micron EPMA grid. In the CCD,
components are numbered in ascending mean calcium concentration order. The allocation of a an
experimental data point is indicated by its color. The ellipses are centered on the mean values of
the component and have an extension which covers 3 standard deviations of the assumed normal
bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios of 1.2
and 2.3.
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Figure 6-6: Chemical make up of
in the form of the compositional
sample (top) TP-1.90-55-5 and (bottom) TP-1.90-85-20 displayed
component diagram (CCD) and given in tabular format for a 3
micron EPMA grid. In the CCD, components are numbered in ascending mean calcium concen-
tration order. The allocation of a an experimental data point is indicated by its color. The ellipses
are centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution. Straight lines on the diagrams indicate
constant Ca/Si molar ratios of 1.2 and 2.3.
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Sample Spacing Test Date Results In:
TP-1.90-25-Atm 3 pm 05/01/09 Figure 6-1
20 pm 04/24/09 Figure 6-2
TP-1.90-55-20 3 pm 05/01/09 Figure 6-3
20 pm 04/24/09 Figure 6-4
TP-1.90-55-5 3 pm 05/01/09 Figure 6-5
TP-1.90-85-20 3 pm 05/01/09 Figure 6-6
Table 6.1: EPMA grids run on the set of reference oil well cement pastes
6.1.1 The C-S-H Pole
The strongest commonality across the CCD's of the reference materials is the formation of a clear
C-S-H pole in each of the diagrams; that is, a component of relatively high volume fraction with
calcium and silicon proportions which we would expect for C-S-H. Furthermore, this C-S-H compo-
nent is in all of the tests the dominant component- the component with the highest volume fraction.
This observation is clarified in Table 6.2, which gives the makeup of the dominant component in
each of the core EPMA tests. Among all core tests, the mean makeup of the dominant component
is 32.6% calcium, 9.87% silicon, by weight, which is within a few percent of the values we would
expect for C-S-H from the stoichiometry given by Young and Hansen [214]:
(CaO)1.7SiO 2 (H 20) 4  (6.1)
wherein the proportions of calcium and silicon are 30.0 % and 12.3 % by weight, respectively. The
dominant component occupies 28-61% of the volume (mean 48%). We note that the dominant
component with the smallest volume fraction is that from the 3 micron grid on sample TP-1.90-25-
Atm- here the dominant component only occupies 28% of the volume, whereas the next smallest
dominant component of this group of tests occupies 42%. The CCD of this test, displayed in Figure
6-1, clarifies this discrepancy. The dominant component (component 1) is completely encompassed
by another component (component 2), which has a makeup (Ca = 31.55, Si = 8.85) similar to
that of the dominant component, but a larger dispersion. Additionally, this component is the
secondary component in volume fraction (vf = 23.8%). Table 6.2 also reports the makeup of this
secondary component where it is observed. On average the secondary component occupies 32% of
the volume and although its mean calcium concentration does not seem to differ from that of the
dominant component, its mean silicon concentration is reduced by a few percent. Taken together,
the dominant and secondary components account for 52-84% of the volume (mean 64%). We recall
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Dominant Comp. Secondary Comp. 10 + 2'
Sample Spacing Ca Si vf,lo Ca Si Vf,2o Vf,10+2o
TP-1.90-25-Atm 3 pm 31.27 11.00 28.3% 31.55 8.85 23.8% 52.1%
TP-1.90-25-Atm 20 ym 30.76 8.90 42.1% 32.37 6.06 32.8% 74.9%
TP-1.90-55-20 3 pm 33.63 9.86 55.3% - - - 55.3%
TP-1.90-55-20 20 pm 33.78 9.70 54.3% - - - 54.3%
TP-1.90-55-5 3 pm 33.10 10.15 61.1% - - - 61.1%
TP-1.90-85-20 3 pm 33.13 9.47 44.3% 33.94 6.70 40.0% 84.3%
Mean - 32.62 9.85 47.6% 32.62 7.20 32.2% 63.7%
Table 6.2: Makeup of the component with the dominant volume fraction in the component models
of the reference material tests.
that C-S-H is estimated to occupy 50-60% of the volume in a completely-hydrated portland cement
paste [137]. We can therefore conclude that the dominant and secondary components may not
represent pure C-S-H for our well-hydrated cement paste (w/c=0.45). Instead we are observing
some mixing of the hydration phases (C-S-H and CH), as will be discussed in detail below.
6.1.2 The Hydration Phase Mixture
Definiton of Two-Phase System
The observation of a hydration phase mixture- a mixture between C-S-H and CH- is particulary
clear in the CCD's from the 3 and 20 microns grid test of sample TP-1.90-25-Atm (see Figure
6-1). In these CCD's, clear ligands form between the point on the diagram representing CH
(CacH = 54.1%, SiCH = 0%) and the C-S-H pole (component 4 in both cases). Such a ligand is
also clearly observable in the 20 micron grid test of sample TP-1.90-55-20 (see Figure 6-2, bottom)
and less so in the 3 micron grid test of the same sample (Figure 6-2, top). It is not observable in
the tests on samples TP-1.90-55-5 and TP-1.90-85-20 (Figure 6-3).
The observation of a C-S-H/CH ligand is a clear sign of a hydration phase mixture, and we
can analyze such a mixture with the two-phase mixture model developed in Section 4.3.4. The
application of this model requires the definiton of the hydration phase data set- that is the set of
experimental points which represent EPMA probes of hydrated material. We will define this data
set as all points which do not belong to the anhydrous data set. The anhydrous data set can in turn
be defined by establishing which components correspond to clinker or a clinker/C-S-H mixture.
Table 6.3 reports the makeup of the components which we identify as defining the anhydrous data
set. As we would expect for our well-hydrated cement pastes (w/c=0.45), the amount of clinker is
very low, always less than 10% by volume. The hydration phase data set can now be defined as all
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Sample Spacing Component Ca Si vf Classification
TP-1.90-25-Atm 3 pm 5 50.39 10.27 4.7% Alite
TP-1.90-25-Atm 20 pm 3 38.81 8.80 5.6% Alite/Belite/C-S-H
TP-1.90-55-20 3 pm - -
TP-1.90-55-20 20 )m 4 47.03 12.46 4.3% Alite/Belite
TP-1.90-55-5 3 pm 3 35.16 12.64 7.0% Belite/C-S-H
TP-1.90-85-20 3 pm 4 50.26 9.90 1.5% Alite
Table 6.3: Makeup of the components which define the anhydrous data set for the reference material
tests.
data points which are not allocated to one of the anhydrous components identified in Table 6.3.
We can analyze the hydration phase data set with the two phase mixture analysis developed in
Chapter 4, which we recall is defined by the following relations:
Camix = aCaj + (1 - a)Caii (6.2)
Simix = aSi1 + (1 - a)Sii (6.3)
In this case Phase I is C-S-H and Phase II is CH, and we have substituted the more general mixing
proportion A with a, which we will define as the mixing proportion of C-S-H in the hydration phase
(C-S-H/CH) mixture. Figure 6-7 shows the superposition of the C-S-H/CH mixing axis on the
CCD's of the reference materials.
The stoichiometry of CH is well defined, and therefore so are the coordinates of this end of the
mixing axis:
Cari = 54.1.0%, Silj = 0% (6.4)
The stoichiometry of Phase I, the C-S-H, is ill defined, and so we will instead use the mean value of
the dominant component- the C-S-H pole- to define the coordinates of this end of the mixing axis.
Such a definition is tantamount to the assumption that dominant component is really a measure of
pure C-S-H, which we labelled the Rayment and Majumdar interpretation in Chapter 4. We recall
that the alternative interpretation- the Chatterji interpretation- assumes that the probability of
sampling pure C-S-H is extremely low. To apply this interpretation, Phase I should be defined at
the limit of C-S-H distribution. As we showed in Section 4.3.4, this way of defining of Phase I may
have a significant effect on its coordinates, however it does not change the shape of the mixture
which is found by the analysis. We therefore use the values of the pole (the dominant component)
which were reported in Table 6.2 to define Phase I.
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Figure 6-7: The C-S-H/CH mixing axes which are defined for (a) the 3 micron grid on sample TP-
1.90-25-Atm, (b) the 3 micron grid on TP-1.90-55-20, (c) the 3 micron grid on TP-1.90-55-5, (d) the
20 micron grid on TP-1.90-25-Atm, (e) the 20 micron grid on TP-1.90-55-20, and (f) the 3 micron
grid on TP-1.90-85-20, superimposed over the compositional component diagram of each of these.
The co-ordinates of Phase II- CH- are defined as Cai=54.1%, Sii=-0.0% and the co-ordinates of
Phase I- C-S-H- are defined as the mean of the dominant component as they are reported in Table
6.1.1.
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Mixture Analysis Results
The hydration phase data set is projected onto the mixing axis and an a-value is determined for
each point, where a = 0 corresponds to pure portlandite and a = 1 corresponds to pure C-S-H.
The average a-value for each of the tests can be seen as relating to the total quantity of C-S-H
relative to portlandite in the material. The average a-values found in the reference material tests
range from 0.75 to 0.95. They are reported in Table 6.4:
Sample Spacing -
TP-1.90-25-Atm 3 pm .751
TP-1.90-25-Atm 20 pm .831
TP-1.90-55-20 3 pm .831
TP-1.90-55-20 20 pm .883
TP-1.90-55-5 3 pm .948
TP-1.90-85-20 3 pm .935
Table 6.4: Average alpha-values-representing the total proportion of C-S-H in the hydration phase
set assumed to consist only of C-S-H and CH.
The distributions of a-values in each of the reference material tests are shown in Figure 6-8
along with the component model which was found by EMMIX for this single variable distribution.
Two classes of distributions emerge: the first class (both tests on sample TP-1.90-25-Atm and on
sample TP-1.90-55-20) has a strong peak around a _ 1 and a long tail which extends all the way to
a _ 0. The second class (the tests on samples TP-1.90-55-5 and TP-1.90-55-5) has a strong peak
around a _ 1, but a much shorter tail, extending only to a _ 0.5. The makeup of the component
models which were fit to these distribution are shown in Table 6.5 for the first class and in Table 6.6
for the second class. Finally, the spacing of the EPMA probes in the 3 micron grids is fine enough
to assume that consecutive probes represent contiguous sections of material. Figure 6-9 shows the
spatial distribution of the a-value for these tests.
Interpretation
Among all distributions a-- the hydration phase mixture proportion- the dominant component has
a narrow variation and so can be interpreted as a relatively homogeneous material in terms of its
compostion. If C-S-H exists in a pure form- i.e. with no CH intermixing- on the micron scale
(the scale of the electron beam interaction volume, see Section 4.3.2) then we can expect with
good probability to sample it frequently, and the dominant component can be interpreted as a
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Figure 6-8: The distribution of a-values found in the analysis of the hydration products in (a) the
3 micron grid and (b) the 20 micron grid on sample TP-1.90-25-Atm, (c) the 3 micron grid and (d)
the 20 micron grid on sample TP-1.90-55-20, (e) the 3 micron grid on sample TP-1.90-55-5, and (f)
the 3 micron grid on sample TP-1.90-85-20, displayed as probability density functions (pdf). In our
interpretation, a is the weight proportion of C-S-H at each data point if we make the assumption
that the electron beam samples a pure mixture of only C-S-H and CH. The theoretical mixture
model found by EMMIX for the distribution is displayed as the individual components (the colored
bell-curves) and the sum of the components- the thick black curve.
Component 1 Component 2 Component 3
Sample Spacing d1 V f,1  2 Vf,2 d3 Vf,3
TP-1.90-25-Atm 3 pm .993 45.9% .725 36.8% .108 15.6%
TP-1.90-25-Atm 20 pm .980 61.6% .567 38.4% - -
TP-1.90-55-20 3 pm 1.00 56.3% .749 34.7% .087 9.0%
TP-1.90-55-20 20 pm 1.00 58.3% .831 30.8% -.040 11.0%
Table 6.5: Mean alpha-value of dominant component of hydrated material in the reference materials
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TP-1.90-55-5 3 pm 1.04 38.4% .918 53.9% .677 7.7%
TP-1.90-85-20 3 pm 1.00 59.1% .899 34.2% .690 15.7%
Table 6.6: Mean alpha-value of dominant component of hydrated material in the reference materials
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Figure 6-9: Spatial distribution of a in the 3 micron grid tests on sample (a) TP-1.90-25-Atm,
(b) TP-1.90-55-20, (c) TP-1.90-55-5 and (d) TP-1.90-85-20. The color represents the value of a,
as shown in the color bar on the right. Points which have been classified as clinker are colored in
white.
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pure C-S-H phase. We recall that this is similar to the Rayment and Majumdar interpretation
described in Section 4.2.2. The alternative- the Chatterji interpretation- holds that only with very
low probability will the electron beam be able to sample a pure C-S-H phase and so would interpret
the dominant component as a C-S-H phase mixed with sub-micron scale CH.
This difficulty of interpretation may be resolved by our maps of the spatial distribution of a
(see Figure 6-9). The value of a does not vary in a sharp fashion from point to point (where points
are separated by 3 microns) but instead has a gradation from high to low values over larger length
scales. Keeping in mind that the two phase mixture system was defined with the assumption that
the hydration phase of our material consists only of C-S-H and CH, the maps show the formation
of relatively homogeneous regions of high a value on the scale of 10-20 pm. Whatever phase is
represented by the dominant, high a, component, it is homogeneous on a scale well above that of
the electron beam interaction volume so in that sense it is "pure". Therefore, given its homogeneity
on a scale above the scale of our test, and given the large volume fraction occupied by the dominant
component, we classify it as a pure C-S-H phase. In the case of sample TP-1.90-55-5, the mean a
of the dominant component is Z2=.918, so we interpret this phase as being about 90% C-S-H/10%
C-H by weight. In this sample the component with the second largest volume fraction is the pure
C-S-H phase (Z1=1.04, vf,1=38.4%).
For all distributions in the first class, the secondary component can be a C-S-H/CH mixture
with 73-83% C-S-H (and, conversely, 10-17% CH) by weight. Note that we have in this range
excluded the secondary component from the 20 micron grid test on sample TP-1.90-25-Atm. This
distribution seems to combine the secondary and tertiary components which exist in the other
distributions in this class into a single, intermediate component (d2=.567). This, of course is
indicative of the question of whether the secondary component is best interpreted as an 80% C-S-H
/20% CH, homogeneous mixture, or a disordered mixing of the hydration phases. Based on the
large variance of the secondary component, we believe it is better interpreted as the latter.
The tertiary component clearly corresponds to a "portlanditic" component consisting of pure or
nearly pure CH. It is not a particulary narrow distribution, but the spatial distribution of a shows
the formation of 10-20 pm-sized areas portlanditic areas in sample TP-1.90-25-Atm, and slightly
smaller such regions in sample TP-1.90-55-20. Interestingly, almost no portlandite is observed in
the second class of materials- samples TP-1.90-55-5 and TP-1.90-85-20, although the points with
low a still tend to be found together in these samples. The disappearance of portlandite seems to
be linked to the curing temperature but not to have a relation with the curing pressure, as shown
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Figure 6-10: The average value of a, interpreted as the overall proportion of C-S-H in the hydration
phase mixture (assumed to consist only of C-S-H and CH) in a cement paste, versus (top) the curing
temperature and (bottom) the curing pressure of the paste.
in Figure 6-10, which plots the average value of a versus the curing conditions.
More specifically, it seems to be larger-scale portlandite which is disappearing. The second class
of a-distributions shows a harsh stop at a - 0.5, below which value very few points are to be found.
There still is portlandite in the samples from this class (TP-1.90-55-5 and TP-1.90-85-20), but it
exists only where it is less than 50% by weight of the mixture. A micron-sized or greater crystal of
portlandite would have a value of a around 1 if it were probed in these tests, so it is exactly this
type of portlandite which is affected by the curing conditions.
6.2 Nanoindentation Analysis
In this section we present the results of the nanoindentation analysis of the reference cement pastes.
The result will be a "mechanical signature" for oil well cement pastes cured at high temperature and
pressures which we can refer to in the subsequent indentation analysis of our carbonated cement
pastes. In all we had 12 samples for testing and 10 nanoindentation grids were run:
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Component Indentation Hardness (GPa)
standard coefficient of volume
Component mean deviation correlation fraction
1 M 23.40 2.94 0.843 38.7%
H 0.79 0.13
2 M 29.49 5.25 0.736 43.0%
H 1.09 0.24
3 M 40.60 8.45 0.303 9.3%
H 2.08 0.66
4 M 103.11 106.05 0.277 8.9%
H 8.37 3.67
Figure 6-11: Mechanical make up of sample TP-1.90-25-Atm displayed in the form of the mechanical
component diagram (MCD) and given in tabular format. In the MCD, components are numbered
in ascending mean indentation modulus order. The allocation of an experimental data point is
indicated by its color. The ellipses are centered on the mean values of the component and have an
extension which covers 3 standard deviations of the assumed normal bivariate distribution.
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Indentation Hardness (GPa)
standard coefficient of volume
Component mean deviation correlation fraction
1 M 16.83 4.4 0.956 32.9%
H 0.62 0.20
2 M 22.53 5.5 0.744 44.5%
H 0.88 0.24
3 M 36.98 11.4 0.760 19.6%
H 1.79 0.69
4 M 98.89 46.18 0.809 3.0%
H 10.43 5.11
Figure 6-12: Mechanical make up of sample TP-1.75-25-Atm displayed in the form of the mechanical
component diagram (MCD) and given in tabular format. In the MCD, components are numbered
in ascending mean indentation modulus order. The allocation of an experimental data point is
indicated by its color. The ellipses are centered on the mean values of the component and have an
extension which covers 3 standard deviations of the assumed normal bivariate distribution.
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Indentation Hardness (GPa)
standard coefficient of volume
Component mean deviation correlation fraction
1 M 19.29 4.47 0.821 28.4%
H 0.67 0.19
2 M 26.24 6.26 0.652 65.3%
H 1.19 0.35
3 M 72.12 37.82 0.933 6.3%
H 5.76 4.32
Figure 6-13: Mechanical make up of sample TP-1.90-55-20 displayed in the form of the mechanical
component diagram (MCD) and given in tabular format. In the MCD, components are numbered
in ascending mean indentation modulus order. The allocation of an experimental data point is
indicated by its color. The ellipses are centered on the mean values of the component and have an
extension which covers 3 standard deviations of the assumed normal bivariate distribution.
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Component Indentation Hardness (GPa)
standard coeffident of volume
Component mean deviation correlation fraction
1 M 12.93 3. 0.567 20.2%
H 0.61 0.23
2 M 24.23 7.47 0.615 75.9%
H 1.55 0.46
3 M 81.53 38.63 0.611 3.8%
H 9.46 6.09
Figure 6-14: Mechanical make up of sample TP-1.75-55-20 displayed in the form of the mechanical
component diagram (MCD) and given in tabular format. In the MCD, components are numbered
in ascending mean indentation modulus order. The allocation of an experimental data point is
indicated by its color. The ellipses are centered on the mean values of the component and have an
extension which covers 3 standard deviations of the assumed normal bivariate distribution.
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Indentation Hardness (GPa)
standard coefficient of volume
Component mean deviation correlation fraction
1 M 22.08 8.0 0.768 44.5%
H 1.47 0.58
2 M 27.71 3.78 0.524 52.4%
H 1,65 0.30
3 M 69.92 31.29 0.562 3.0%
H 8.70 3.84
Figure 6-15: Mechanical make up of sample TP-1.55-55-20 displayed in the form of the mechanical
component diagram (MCD) and given in tabular format. In the MCD, components are numbered
in ascending mean indentation modulus order. The allocation of an experimental data point is
indicated by its color. The ellipses are centered on the mean values of the component and have an
extension which covers 3 standard deviations of the assumed normal bivariate distribution.
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Indentation Hardness (GPa)
standard coeffident of volume
Component mean deviation correlation fraction
1 M 28.95 7.16 0.799 88.5%
H 1.42 0.46
2 M 89.94 3818 0.875 11.5%
H 8.05 4.72
Figure 6-16: Mechanical make up of sample TP-1.90-55-5 displayed in the form of the mechanical
component diagram (MCD) and given in tabular format. In the MCD, components are numbered
in ascending mean indentation modulus order. The allocation of an experimental data point is
indicated by its color. The ellipses are centered on the mean values of the component and have an
extension which covers 3 standard deviations of the assumed normal bivariate distribution.
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Indentafion Hardness (GPa)
standard coefficient of volume
Component mean deviation correlation fraction
1 M 26.26 6.16 0.701 94.8%
H 1.70 0.41
2 M 67.74 28.99 0.862 5.2%
H 5.96 3.90
Figure 6-17: Mechanical make up of sample TP-1.75-55-5 displayed in the form of the mechanical
component diagram (MCD) and given in tabular format. In the MCD, components are numbered
in ascending mean indentation modulus order. The allocation of an experimental data point is
indicated by its color. The ellipses are centered on the mean values of the component and have an
extension which covers 3 standard deviations of the assumed normal bivariate distribution.
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standard coefficient of volume
Component mean deviation correlation fraction
1 M 7.58 2.3 0.656 34.1%
H 0.40 0.16
2 M 16.25 4.1 -0.058 36.0%
H 0.85 0.25
3 M 25.72 6.7 -0.405 15.0%
H 1.59 0.44
4 M 89.57 38.35 0.823 14.9%
H 9.39 4.1
Figure 6-18: Mechanical make up of sample TP-1.55-55-5 displayed in the form of the mechanical
component diagram (MCD) and given in tabular format. In the MCD, components are numbered
in ascending mean indentation modulus order. The allocation of an experimental data point is
indicated by its color. The ellipses are centered on the mean values of the component and have an
extension which covers 3 standard deviations of the assumed normal bivariate distribution.
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1 M 30.92 9.13 0.781 58.7%
H 1.70 0.561
2 M 35.25 3.51 0.421 33.2%
H 1.83 0.23
3 M 105.37 31.92 0.838 8.1%
H 9.89 3.78
Figure 6-19: Mechanical make up of sample TP-1.90-85-20 displayed in the form of the mechanical
component diagram (MCD) and given in tabular format. In the MCD, components are numbered
in ascending mean indentation modulus order. The allocation of an experimental data point is
indicated by its color. The ellipses are centered on the mean values of the component and have an
extension which covers 3 standard deviations of the assumed normal bivariate distribution.
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2 M 29.07 10.2 0.833 41.1%
H 1.40 0.60
3 M 94.80 40. 0.927 8.0%
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Figure 6-20: Mechanical make up of sample TP-1.75-85-20 displayed in the form of the mechanical
component diagram (MCD) and given in tabular format. In the MCD, components are numbered
in ascending mean indentation modulus order. The allocation of an experimental data point is
indicated by its color. The ellipses are centered on the mean values of the component and have an
extension which covers 3 standard deviations of the assumed normal bivariate distribution.
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Sample Date Results in:
TP-1.90-25-Atm 01/13/2009 Figure 6-11 Figure 6-21
TP-1.75-25-Atm 01/28/2009 Figure 6-12
TP-1.90-55-20 01/19/2009 Figure 6-13 Figure 6-22
TP-1.75-55-20 03/16/2009 Figure 6-14
TP-1.55-55-20 03/23/2009 Figure 6-15
TP-1.90-55-5 03/24/2009 Figure 6-16 Figure 6-23
TP-1.75-55-5 01/29/2009 Figure 6-17
TP-1.55-55-5 01/17/2009 Figure 6-18
TP-1.90-85-20 01/27/2009 Figure 6-19 Figure 6-24
TP-1.75-85-20 03/30/2009 Figure 6-20
Table 6.7: Nanoindentation grids run on the set of reference oil well cement pastes
6.2.1 Results
The results of these nanoindentation grids are reported in Figures 6-11 to 6-14. The raw data is
displayed in a plot of indentation modulus versus indentation hardness, and the component model
which was fit to the data by the EMMIX cluster analysis algorithm is superimposed over this data
to show the mechanical component diagram (MCD). The properties of the component model are
also given in a table alongside the MCD. From this component model the hydration phases are
isolated as those phases having a mean indentation modulus and indentation hardness below the
modulus and hardness of the C-S-H solid phase, for which we use the latest estimates from atomic
simulation [154], m, = 65 GPa and h, = 3 GPa. The packing densities of the hydrated phases are
determined from the fitting algorithm described in Chapter 5. The packing density distributions
which were determined in this way are displayed in Figures 6-21 to 6-24.
6.2.2 Slurry Density
Within each of the four sets of curing conditions, three samples of differing slurry densities were
prepared for testing. The effect of the slurry density on the mechanical makeup of the cement
pastes is very noticeable from the nanoindenation results presented in Figures 6-11 to 6-14. When
the slurry density is reduced, the mechanical properties (indentation modulus and hardness) of the
"weakest" component are in general reduced, often quite dramatically (see Table 6.8). There are
great exception to this though- at a slurry density of 1.55 the weakest component of the cement
paste cured at 55'C and 20 MPa regains the indentation modulus which it had at SG=1.90 and has
a dramatically increased indentation hardness. The cement paste cured at 55 0 C and 5 MPa does
not see a transition in the mechanical properties of its weakest component until the slurry density
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Figure 6-21: The distribution of C-S-H packing densities for sample (top) TP-1.90-25-Atm and
(bottom) TP-1.75-25-Atm with the component model determined by EMMIX superimposed over
the data- the thick black line is the sum of the individual components displayed in color. The
component model is also displayed in tabular format to the right of each distribution.
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Figure 6-22: The distribution of C-S-H packing densities for sample (top) TP-1.90-55-20, (middle)
TP-1.75-55-20, and (bottom) TP-1.55-55-20 with the component model determined by EMMIX
superimposed over the data- the thick black line is the sum of the individual components displayed
in color. The component model is also displayed in tabular format to the right of each distribution.
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Figure 6-23: The distribution of C-S-H packing densities for sample (top) TP-1.90-55-5, (middle)
TP-1.75-55-5, and (bottom) TP-1.55-55-5 with the component model determined by EMMIX su-
perimposed over the data- the thick black line is the sum of the individual components displayed
in color. The component model is also displayed in tabular format to the right of each distribution.
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Figure 6-24: The distribution of C-S-H packing densities for sample (top) TP-1.90-85-20 and (bot-
tom) TP-1.75-85-20 with the component model determined by EMMIX superimposed over the data-
the thick black line is the sum of the individual components displayed in color. The component
model is also displayed in tabular format to the right of each distribution.
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Slurry Density (SG)
Curing Conditions 1.90 1.75 1.55
Temp Pressure M H vf M H vf M H vf
25 0C Atm 23.4 .79 38.7% 16.83 .62 32.9% - - -
550C 20 MPa 19.29 .67 28.4% 12.93 .61 20.2% 22.08 1.47 44.5%
55°C 5 MPa 28.95 1.42 88.5% 26.26 1.70 94.8% 7.58 .40 34.1%
850C 20 MPa 30.92 1.70 58.7% 14.23 .51 50.9% - - -
Table 6.8: Makeup of the weakest component-the component with the lowest mechanical
properties- in each of the reference samples. M and H are in GPa.
is reduced to.1.55 and sees an increase in the hardness of this component when the slurry density
is reduced from 1.90 to 1.75.
Constantinides and Ulm [48] classified as resulting from macroporosity any indentation tests
with a modulus below 13 GPa, and Vandamme and Ulm [209] found that the weakest C-S-H phase-
LD C-S-H- had indentation moduli ranging from 16-26 GPa for a wide range of cement pastes.
Clearly the weakest mechanical component which we are measuring among the sub 1.90 slurry
density pastes dips into the macroporosity influenced range. Also, we do not have indentation data
from samples TP-1.55-25-Atm and TP-1.55-85-25 precisely because the pastes were so soft as to
not be able to be subjected to surface preparation. In general, a reduction in slurry density seems
to increase the amount of macroporosity, but in many specific cases this relationship is not so clear.
The effect of the slurry density on the gel porosity, that is the average porosity of the C-S-H
gel, is shown in Figure 6-25. The gel porosity, (0) is calculated as:
(0) = 1 - () (6.5)
Where (77) is the average C-S-H packing density. The gel porosity evidently increases when the
slurry density is reduced from 1.90 to 1.75 under all curing conditions, but is then slightly reduced
when the slurry density is reduced again, from 1.75 to 1.55.
The homogenized indentation modulus M hom of a cement paste can be estimated from the set
of indentation moduli in a nanoindentation grid, {M}i=l,N in a simple way as [209]:
N 1 M/Mhom(
i=1 + (M/Mhom- 1) i=1 Mi/Mhom 1)
The homogenized indentation modulus of each of the cement pastes is plotted against the slurry
density in Figure 6-25. In general, the homogenized modulus increases with SG.
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Figure 6-25: (Top) The gel porosity-the average porosity of the C-S-H gel- and (bottom) the
homogenized indentation modulus as a function of slurry density (SG) of the reference cement
pastes.
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6.2.3 Temperature and Pressure
As we have illustrated above, the effect of slurry density on the mechanical signature of cement
paste is extremely significant, and in the case of macroporosity, gel porosity, and the homogenized
indentation modulus, has a much greater effect than do the curing conditions. In order to properly
examine the influence of curing temperature and pressure on the mechanical signature, we make a
comparison of the cement pastes with a slurry density (1.90) which corresponds to a water/cement
ratio (w/c=0.45) which is familiar in the nanoindentation analysis of hardened cement pastes. The
number of mechanical components which were identified in the four cement pastes with SG=1.90
varies significantly, from two to four. The mechanical makeup of these components are reported
inTable 6.9 and classified to the appropriate hydration product or as clinker. This classification
was based on comparison with mean mechanical properties of LD, HD, and UHD C-S-H found in
the most recent experimental investigations by Vandamme and Ulm [209]. These values from the
literature are also reported in Table 6.9.
It is noted from Table 6.9 that the mean indentation moduli which were found were generally
within the range expected for each hydration product, although they were sometimes slightly lower
than this range (HD C-S-H in TP-1.90-55-20, UHD C-S-H in TP-1.90-85-20). The indentation
hardnesses, on the other hand, are often on the high end of the range of expected values, or higher
than the range (HD C-S-H in TP-1.90-85-20). Of the three hydration products, only HD C-S-H is
observed in all four reference samples. We note that the hardness of the HD C-S-H varies strongly
between the samples, from 1.09 to 1.70 GPa.
The mean packing densities (displayed in Figures 6-21 to 6-24) of the reference samples corre-
spond well to the mean packing densities that we would expect given the phase's classification as
LD, HD, or UHD C-S-H. Table 6.10 reports the mean component packing densities in the SG=1.90
sample from each set of curing conditions, as well as the packing densities of the hydration phases
which we would expect to find from Jennings' model (see section 2.1.3), the range of values found
by Vandamme and Ulm [209] from nanoindenation on many cement pastes, and some limit packing
states for spherical particles. We notice that the LD C-S-H phase is found only at the curing
conditions: 25 0 C and atmospheric pressure and 55'C and 20 MPa.
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LD C-S-H HD C-S-H UHD C-S-H Clinker
Sample M H Vf M H Vf M H vf M H Vf
TP-1.90-25-Atm 23.4 .790 38.7% 29.5 1.09 43.0% 40.6 2.08 9.3% 103 8.37 8.9%
TP-1.90-55-20 19.3 .667 28.4% 26.2 1.19 65.3% - - - 72.1 5.76 6.3%
TP-1.90-55-5 - - - 28.95 1.42 88.5% - - - 89.94 8.05 11.5%
TP-1.90-85-20 - - - 30.9 1.70 58.7% 35.3 1.83 33.2% 105 9.89 8.1%
Vandamme and Ulm [209] 16-26 0.27-0.88 - 27-40 0.74-1.45 - 36-54 1.15-2.35 -
Table 6.9: Properties of mechanical components identified by EMMIX analysis in the reference cement pastes compared with hydration
product values from the literature. M and H are in GPa
Sample 71LD T7HD TJUHD ( )
TP-1.90-25-Atm .675 .721 .788 25.5%
TP-1.90-55-20 .651 .726 - 25.2%
TP-1.90-55-5 - .723 - 24.7%
TP-1.90-85-20 - .719 .763 23.3%
Vandamme and Ulm [209] .62-.71 .69-.82 .78-.90
Jennings [198] .63 .76
Limit Packing States [106][64][183] .64 .74
Table 6.10: Comparison of hydration product packing densities found by nanoindenation on the
reference cement pastes and values from the literature and limit packing states (RCP/MRJ for the
LD C-S-H and fcc/hcp for the HD C-S-H)
6.2.4 Discussion
The nanoindentation analysis of a broad range of class G oil well cement pastes shows that slurry
density has a much more pronounced effect on the mechanical properties and microstructure of the
paste than does either the curing temperature or curing pressure, at least for the range of these
parameters (SG=1.55-1.90,Temperature=25-85C,Peurssure=Atmospheric-20MPa) in this study. In
general we notice a decrease in macroporosity and gel porosity and an increase in the homogenized
indentation modulus with increasing slurry density, although the samples prepared at a slurry
density of 1.55 showed a great deal of scatter. In fact, two of the samples prepared with this slurry
density (TP-1.55-25-Atm and TP-1.55-85-20) were so soft that they crumbled when scratched with
a fingernail and were unable to be properly polished.
The curing conditions of sample TP-1.90-85-20- 85'C and 20 MPa- are the most similar to
those of the carbonated samples- 900 C and 3000 psi (21 MPa). The hardness of the HD C-S-H
phase in this sample (HHD=1.7 0) is significantly harder than in the other samples (HHD=1.0 9 -
1.42) and also much higher than the range of values found in previous studies of a wide range of
cement pastes (HHD=0.7 4 -1. 4 5 ). No LD C-S-H is observed in this sample, and its gel porosity
((O)=23%) is the lowest of all the samples tested.
6.3 Chapter Conclusion
In this Chapter we presented the results of our dual chemical-mechanical analysis of the reference oil
well cements. We investigated the effect of curing conditions (temperature and pressure) and slurry
density on the composition and mechanical properties of the microstructure of cement paste. We
found from the EPMA analysis that the presence of portlandite is linked to the curing conditions
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and from the nanoindentation analysis that slurry density is of much more import than curing
conditions in determing the mechanical and microstructural properties of a cement paste. The
chemical and mechanical signatures which we have herein developed for oil well cement pastes cured
at high temperature and pressure will serve as a meaningful background to the results presented
in the next Chapter, which explore the effect of carbonation on such pastes.
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Chapter 7
Investigation of Carbonated Cement
Pastes
In this Chapter we present the results of our dual chemical-mechanical analysis of the carbonated
cement pastes described in Section 3.2. We recall the research question which drives our inves-
tigation: What is/are the fundamental building block(s) of carbonated cement paste and how do
they organize among themselves to reach higher scales? The results herein presented answer some
aspects of this question. The EPMA results, presented first, aid in the subsequent interpretation
of the nanoindentation results. A discussion of a more complete interpretation of the mechanical
and compositional results taken together is presented in the next Chapter.
7.1 EPMA Analysis
The carbonated samples studied in this investigation provided us with eight different materials to
test: each of the four samples was composed of an alteration zone and a core. In this section we
present the results of the EPMA analysis- the "chemical signature"- of each of these eight materials.
We observe that three classes of chemical signatures emerge from the materials. The implications
of this observation are discussed in the following Chapter. The EPMA grids which were run on the
carbonated sample cores are listed in Table 7.1.
The compositional component diagrams (CCD) which resulted from these tests are displayed in
Figures 7-1 to 7-13 accompanied by the numerical description of the component model. While no
two CCD's are exactly the same, some commonalities and obvious differences do emerge, and the
idenfication of these patterns drives the analysis of our results. The most striking difference which
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Sample Zone Spacing Test Date Results In:
C-A-88 core 3 pm 04/15/09 Figure 7-1
20 pm 03/16/09 Figure 7-2
C-B-88 core 20 tm 03/12/09 Figure 7-3
C-A-523 core 3 mm 04/15/09 Figure 7-4
20 pm 03/16/09 Figure 7-5
C-B-523 core 3 pm 04/15/09 Figure 7-6
20 pm 03/16/09 Figure 7-7
C-A-88 alteration zone 3 pm 04/15/09 Figure 7-8
20 fm 03/12/09 Figure 7-9
C-B-88 alteration zone 20 mm 03/12/09 Figure 7-10
C-A-523 alteration zone 3 pm 04/15/09 Figure 7-11
20 Mm 03/16/09 Figure 7-12
C-B-523 alteration zone 20 mm 03/16/09 Figure 7-13
Table 7.1: The EPMA grids which were run on the carbonated cement pastes.
we observe is between the CCD's of the cores and those of the alteration zones- clearly there is
a change in chemistry between the two visually identifiable material zones. To better understand
the nature of this change, we parce the chemical data to obtain the complete chemical signatures
of our materials; first looking at the sample cores and then at the alteration zones.
7.1.1 Sample Cores
The C-S-H Pole
What is the most striking commonality in the CCDs of the carbonated sample cores? We notice the
formation of a clear C-S-H pole in each of the diagrams (Figures 7-1 to 7-7); that is, a component
of relatively high volume fraction with calcium and silicon proportions which we would expect for
C-S-H. Furthermore, this C-S-H component is in all of the tests the dominant component- the
component with the highest volume fraction. This observation is clarified in Table 7.2, which gives
the makeup of the dominant component in each of the core EPMA tests, as well as the makeup
of the component with the second highest volume fraction. The secondary component is included
here for comparison because we notice that in many of the core CCD's it overlaps the dominant
component. Among all core tests, the mean makeup of the dominant component is 29.4% calcium,
10.2% silicon, by weight, and the mean makeup of the secondary component is 29.2% calcium,
9.11% silicon. Both of these value are within a few percent of the values we would expect for C-S-H
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Elemental Concentration of Silicon (Mass%)
standard coefficient of volume
Component mean deviation correlation fraction
1 Ca 31.85 1.34 0.565 50.1%
Si 10.38 1.13
2 Ca 33.23 5.10 2.225 30.5%
Si 6.25 2.81
3 Ca 40.35 4.39 4.406 6.7%
Si 13.78 1.04
4 Ca 49.97 4.14 -6.360 7.6%
Si 2.66 1.61
5 Ca 50.45 2.66 -0.533 5.2%
Si 11.79 0.31
Figure 7-1: Chemical make up of the core of sample C-A-88 displayed in the form of the composi-
tional component diagram (CCD) and given in tabular format for a 3 micron EPMA grid. In the
CCD, components are numbered in ascending mean calcium concentration order. The allocation
of a an experimental data point is indicated by its color. The ellipses are centered on the mean
values of the component and have an extension which covers 3 standard deviations of the assumed
normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios
of 1.2 and 2.3.
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Figure 7-2: Chemical make up of the core of sample C-A-88 displayed in the form of the composi-
tional component diagram (CCD) and given in tabular format for a 20 micron EPMA grid. In the
CCD, components are numbered in ascending mean calcium concentration order. The allocation
of a an experimental data point is indicated by its color. The ellipses are centered on the mean
values of the component and have an extension which covers 3 standard deviations of the assumed
normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios
of 1.2 and 2.3.
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Figure 7-3: Chemical make up of the core of sample C-B-88 displayed in the form of the composi-
tional component diagram (CCD) and given in tabular format for a 20 micron EPMA grid. In the
CCD, components are numbered in ascending mean calcium concentration order. The allocation
of a an experimental data point is indicated by its color. The ellipses are centered on the mean
values of the component and have an extension which covers 3 standard deviations of the assumed
normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios
of 1.2 and 2.3.
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Figure 7-4: Chemical make up of the core of sample C-A-523 displayed in the form of the compo-
sitional component diagram (CCD) and given in tabular format for a 3 micron EPMA grid. In the
CCD, components are numbered in ascending mean calcium concentration order. The allocation
of a an experimental data point is indicated by its color. The ellipses are centered on the mean
values of the component and have an extension which covers 3 standard deviations of the assumed
normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios
of 1.2 and 2.3.
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Figure 7-5: Chemical make up of the core of sample C-A-523 displayed in the form of the composi-
tional component diagram (CCD) and given in tabular format for a 20 micron EPMA grid. In the
CCD, components are numbered in ascending mean calcium concentration order. The allocation
of a an experimental data point is indicated by its color. The ellipses are centered on the mean
values of the component and have an extension which covers 3 standard deviations of the assumed
normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios
of 1.2 and 2.3.
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Figure 7-6: Chemical make up of the core of sample C-B-523 displayed in the form of the compo-
sitional component diagram (CCD) and given in tabular format for a 3 micron EPMA grid. In the
CCD, components are numbered in ascending mean calcium concentration order. The allocation
of a an experimental data point is indicated by its color. The ellipses are centered on the mean
values of the component and have an extension which covers 3 standard deviations of the assumed
normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios
of 1.2 and 2.3.
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Figure 7-7: Chemical make up of the core of sample C-B-523 displayed in the form of the composi-
tional component diagram (CCD) and given in tabular format for a 20 micron EPMA grid. In the
CCD, components are numbered in ascending mean calcium concentration order. The allocation
of a an experimental data point is indicated by its color. The ellipses are centered on the mean
values of the component and have an extension which covers 3 standard deviations of the assumed
normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios
of 1.2 and 2.3.
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Figure 7-8: Chemical make up of the alteration zone of sample C-A-88 displayed in the form of
the compositional component diagram (CCD) and given in tabular format for a 3 micron EPMA
grid. In the CCD, components are numbered in ascending mean calcium concentration order. The
allocation of a an experimental data point is indicated by its color. The ellipses are centered on
the mean values of the component and have an extension which covers 3 standard deviations of
the assumed normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si
molar ratios of 1.2 and 2.3.
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Figure 7-9: Chemical make up of the core of sample C-A-88 displayed in the form of the composi-
tional component diagram (CCD) and given in tabular format for a 20 micron EPMA grid. In the
CCD, components are numbered in ascending mean calcium concentration order. The allocation
of a an experimental data point is indicated by its color. The ellipses are centered on the mean
values of the component and have an extension which covers 3 standard deviations of the assumed
normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios
of 1.2 and 2.3.
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Figure 7-10: Chemical make up of the alteration zone of sample C-B-88 displayed in the form of
the compositional component diagram (CCD) and given in tabular format for a 20 micron EPMA
grid. In the CCD, components are numbered in ascending mean calcium concentration order. The
allocation of a an experimental data point is indicated by its color. The ellipses are centered on
the mean values of the component and have an extension which covers 3 standard deviations of
the assumed normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si
molar ratios of 1.2 and 2.3.
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Figure 7-11: Chemical make up of the alteration zone of sample C-A-523 displayed in the form of
the compositional component diagram (CCD) and given in tabular format for a 3 micron EPMA
grid. In the CCD, components are numbered in ascending mean calcium concentration order. The
allocation of a an experimental data point is indicated by its color. The ellipses are centered on
the mean values of the component and have an extension which covers 3 standard deviations of
the assumed normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si
molar ratios of 1.2 and 2.3.
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Figure 7-12: Chemical make up of the core of sample C-A-523 displayed in the form of the compo-
sitional component diagram (CCD) and given in tabular format for a 20 micron EPMA grid. In the
CCD, components are numbered in ascending mean calcium concentration order. The allocation
of a an experimental data point is indicated by its color. The ellipses are centered on the mean
values of the component and have an extension which covers 3 standard deviations of the assumed
normal bivariate distribution. Straight lines on the diagrams indicate constant Ca/Si molar ratios
of 1.2 and 2.3.
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Figure 7-13: Chemical make up of the core of sample C-B-523 displayed in the form of the compo-
sitional component diagram (CCD) and given in tabular format for a 20 micron EPMA grid. In the
CCD, components are numbered in ascending mean calcium concentration order. The allocation
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201
4800
C,4 7 0 00
W 4600
m 4500
4400
U_ 0.5
.. ........
Dominant Comp. Secondary Comp. 1 + 2'
Sample Spacing Ca Si vf,lo Ca Si vf,20 Vf,10+20
C-A-88 3 pm 31.8 10.4 50.1% 33.2 6.25 30.5% 80.6%
C-A-88 20 /im 30.2 9.73 37.7% 30.7 11.2 22.4% 60.1%
C-B-88 20 pm 29.6 8.94 39.6% 31.0 11.2 27.6% 67.2%
C-A-523 3 pm 29.1 10.8 38.6% 28.4 8.86 27.0% 65.6%
C-A-523 20 pm 28.7 9.67 39.1% 29.1 11.0 31.7% 70.8%
C-B-523 3 pm 28.8 11.7 52.7% 26.6 8.51 27.9% 80.6%
C-B-523 20 p m 27.4 10.4 52.7% 25.4 6.76 37.8% 90.5%
Mean - 29.4 10.2 44.4% 29.2 9.11 29.3% 73.6%
Table 7.2: Makeup of the dominant and secondary chemical components identified in the cores of
the carbonated cement paste samples. The dominant component correpsonds to a C-S-H pole.
from the stoichiometry given by Young and Hansen [214]:
(CaO)1.7SiO2(H 2 0) 4  (7.1)
wherein the proportions of calcium and silicon are 30.0 % and 12.3 % by weight, respectively.
The dominant component occupies 39-53% of the volume (mean 44%) while the secondary (which
we note has always a larger variance than the dominant component, refer to Figures 7-1 to 7-7)
occupies 22-38% (mean 29%). Together, these two components account for 60 to 91% of the volume
of the cement paste cores (mean 74%), showing that we have clearly identified the pole in our data.
The Ligands
The second striking commonality which emerges from the CCD's of our core material is the forma-
tion of ligands between the C-S-H pole and other points in Ca-Si space. Such features are especially
obvious, for example, in the case of the CCD from the 3 micron grid on sample C-A-88 (see Figure
7-1), wherein there are three ligands- components 3, 4, and 5. Interestingly, only one of the ligands
touches the C-S-H pole, although all three are clearly oriented towards that destination. At times,
this "incompleteness" of the ligands makes their identification difficult, such as in the case of the
CCD from the 20 micron grid on the same sample (see Figure 7-2- component 6). Nevertheless,
they are important features because they represent mixing between two phases, either because the
adjacency of two phases causes the electron beam to sample from both of them or because of true
physical mixing on the sub-micron scale. In particular we will be interested in analyzing in greater
detail the mixing of the hydration products (C-S-H and portlandite) as we are very interested in
understanding what happens to their microstructure during carbonation. Recall our research ques-
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Sample Number Spacing Component No. Ca Si vf Classification
C-A-88 3 pm 5 50.4 11.8 5.2% Alite/C-S-H
3 40.4 13.8 6.7% Belite/C-S-H
C-A-88 20 pm 5 41.2 18.6 2.7% Alite/Belite
C-B-88 20 pm 6 48.8 13.0 3.0% Alite/Belite
C-A-523 3 pm - - - -
C-A-523 20 pm 6 37.6 18.1 2.2% Alite/Belite
C-B-523 3 pm 4 38.4 13.6 5.4% Alite/C-S-H
C-B-523 20 ptm 4 43.5 12.8 3.0% Alite/C-S-H
Table 7.3: Indentification of components representing pure or mixed clinker phases in the cores of
the carbonated cement paste samples.
tion: What is/are the fundamental building block(s) of carbonated cement paste and how do they
organize among themselves to reach higher scales?
The Clinker Phases We are not, therefore, interested in an in-depth analysis of the mixing of C-
S-H and clinker phases; however we do wish to identify ligands which represent mixing with clinker
for two reasons. Firstly, we simply wish to know if our material contains anhydrous clinker phases.
Secondly, we wish to eliminate it from the analysis of the hydration products. Table 7.3 presents the
components from the EPMA analysis of the cores which we have identified as representing either a
clinker mixture or a pure clinker phase. The only clinker phases which we expect to identify in our
samples are C3S and C2 S, based on the composition of these class G cement pastes (for composition
see Table 3.1), which we recall contain 67% CaO and 22%SiO 2 and only 11% of all other clinkers.
Interestingly, very little clinker is identified in the cores of samples C-A-523 and C-B-523.
The Hydration Phases The hydration phases can be identified as all those experimental points
which have not been included in the clinker classification. In particular, we are interested in
looking at the mixing of the two main hydration phases- C-S-H and CH. Some ligands clearly show
that they are the result of this mixing as they move between the C-S-H pole on the one end and
the stoichiometric composition of CH (54.1% calcium, 0% silicon) on the other. In one case this
ligand "complete"- that is a single component connects C-S-H (see Figure 7-3). In other cases an
"incomplete" ligand forms (see Figures 7-1 and 7-2). In other cases it is not present at all (see
Figures 7-4 to 7-7). Where it is present we can analyze the mixture using the two phase mixture
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analysis developed in Chapter 4, which we recall is defined by the following relations:
Camix = aCar + (1 - a)Call (7.2)
Simix = aSij + (1 - a)Silii (7.3)
In this case Phase I is C-S-H and Phase II is CH, and we have substituted A with a, which we
define as the mixing proportion of C-S-H in the hydration phase (C-S-H/CH) mixture. Figure 7-14
shows the superposition of a C-S-H/CH mixing axis on the CCD from the 3 micron test on sample
C-A-88, defined by the two points which represent the pure compositions of the two hydration
phases. The stoichiometry of CH is well defined, and therefore so are the coordinates of this end
of the mixing axis:
CaiI = 54.1.0%, Siii = 0% (7.4)
the stoichiometry of Phase I, the C-S-H, is ill defined, and so we will instead use the mean value of
the dominant component- the C-S-H pole- to define the coordinates of this end of the mixing axis.
As we discussed in Section 6.1.2, such a definition will not change the shape of the mixture which
we find.
Another Mixture In four of the tests on the sample cores (C-A-523, 3 micron and 20 micron
and C-B-523, 3 micron and 20 micron), no C-S-H/CH ligand indicated possible mixing of these
two phases, and in fact there are almost no data points to be found on the path traced by the
C-S-H/CH mixing axis which was drawn in Figure 7-14. However, we do notice from the CCD's of
some of these tests a ligand which moves between the C-S-H pole and somewhere around Ca~30%,
Si=0%, and in all of the tests there are many data points between the C-S-H pole, and this point
on the calcium (i.e. Si = 0) axis. Figure 7-15 plots in Ca - Si space the location of a number of
components which might be found in hardened cement paste, as well as the possible carbonation
products calcium carbonate and silica dioxide. We notice that there are 3 clinker phases which
have around 30% calcium by weight: C 4 AF, C4 A3S, and CS. It would be strange to identify any of
these clinkers in such large, consistent amounts as are indicated by the CCDs given the extremely
low percentage (11%) of oxides of elements other than calcium and silicon in these class G cement
pastes. However, an EPMA study of the amount of sulfur in the carbonated cement pastes show
that it is present in significant quantities- but only in the cores of samples C-A-523 and C-B-523
(although the core of sample C-B-88 and the alteration zone of sample C-B-523 were not tested for
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Figure 7-14: The C-S-H/CH mixing axis which is defined for (a) the 3 micron grid on sample C-A-
88, (b) the 20 micron grid on sample C-B-88, and (c) the 20 micron grid on sample C-A-88 is shown
here, superimposed over the compositional component diagram of each of these. The co-ordinates
of Phase II- CH- are defined as Ca;=54.1%, Sill=0.0% and the co-ordinates of Phase I- C-S-H-
are given in the table.
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of C-A-88, (red) the alteration zone of C-A-88, (green) the core of C-A-523, (purple) the alteration
zone of C-A-523, and (light blue) the core of C-B-523. The line at the top of chart shows the
proportion of sulfur in the clinker CS' (23.6%).
sulfur). Figure 7-16 illustrates this observation. Clearly no single point has the concentration of
sulfur (23%) which should be found in the pure clinker phase CS, but there is a large amount of
sulfur, particularly in the core of sample C-A-523.
Regardless of what phase is mixing with C-S-H in the cores of samples C-A-523 and C-B-23
we can analyze the mixture in a manner analagous to our analysis of the hydration phase mixture.
We define , as the mixing proportion in this two-phase system, in order to differentiate it from the
hydration phase mixture:
- Cai + (1 - ,)Caii
- 0 Sii +(1 - O)Siii
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Camix
Simix
(7.5)
(7.6)
III
-c~----~-----~-------- ---
Group Materials Phase I Phase II Mix. Coordinate
1 C-A-88,C-B-88 C-S-H CH a
(see Fig. 7-14) Call = 54.1%, Siii = 0%
2 C-A-523,C-B-523 C-S-H Unknown
(see Fig. 7-17) Call = 30.0%, Sill = 0%
Table 7.4: Two-phase mixtures defined in the carbonated sample cores.
Sample Zone Spacing ,
C-A-88 core 3 pm .891
C-A-88 core 20 pm .847
C-B-88 core 3 pm .869
Table 7.5: Average value of the hydration phase mixture proportion alpha, related to the total
proprtion of C-S-H in the hydration products
Phase II will be defined by observation as:
Cal, = 30.0%, Si = 0% (7.7)
Phase I will once again by the C-S-H. Its co-ordinates are given in Figure 7-17, which displays the
superposition of this mixing axis on the CCDs.
Mixture analysis
In the above we observed that the tests from the sample cores have either a C-S-H/CH or a C-S-
H/unknown phase mixture and we defined the parameters of the two-phase mixing model which
we developed in Section 4.3.4. Table 7.4 summarizes these parameters for the two groups of tests.
Hydration Phase Mixture The hydration phase (C-S-H/CH) mixture was analyzed in the
cores of samples C-A-88 (3 micron and 20 micron grid) and C-B-88 (20 micron grid). The mixing
axes which were defined for each of these tests are shown in Figure 7-14, along with the coordinates
of Phase I, the C-S-H, for each test. The co-ordinates of Phase II, the portlandite, are defined
as CalH=54.1%, SiIj=0% for all tests. a is the hydration phase mixing proportion, defined as
the distance along the mixing where a = 0 at the co-ordinates of Phase II and a = 1 at the co-
ordinates of Phase I, and interpreted as the weight proportion of C-S-H at each point if we make
the assumption that the electron beam samples a pure mixture of only C-S-H and CH. The average
a-value found (see Table 7.5) in the three tests ranges from 0.85 to 0.89, which is right in the middle
of the range found for all of the reference materials (0.75-0.95, see Table 6.4 in Section 6.1.2).
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C-A-523 core 3 micron 29.121 10.82
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Figure 7-17: The C-S-H/unknown phase mixing axis which is defined for (a) the 3 micron grid
on sample C-A-523, (b) the 3 micron grid on sample C-B-523, (c) the 20 micron grid on sample
C-A-523 and (d) the 20 micron grid on sample C-B-523 is shown here, superimposed over the
compositional component diagram of each of these. The co-ordinates of Phase II are defined by
observation as Ca1i=30.0%, Sii=0.0% and the co-ordinates of Phase I- C-S-H- are given in the
table.
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Sample Grid Spacing Component 1 Component 2 Component 3
C-A-88 3 micron mean 1.00 .897 0.191
std. dev. 0.04 0.17 0.17
vol. frac. 50.7% 40.8% 8.6%
C-A-88 20 micron mean 1.00 .872 0.015
std. dev. 0.06 0.30 0.09
vol. frac. 54.9% 33.6% 11.4%
C-B-88 20 micron mean 1.00 .849 -0.038
std. dev. 0.05 0.31 0.05
vol. frac. 71.9% 20.2% 7.9%
Table 7.6: The best-fit component model of the alpha (hydration phase mixture proportion) dis-
tribution from the carbonated sample cores, as determined by EMMIX
The distributions of a-values found in the three tests (displayed in Figure 7-18) all have similar
characteristics- a strong peak at a - 1 and a long tail all the way to a - 0. In two of the tests
(C-A-88 20 micron and C-B-88 20 micron) a peak is visible in the distribution at a 0. The
a distributions were further analyzed by the EMMIX mixture model, and in all three tests, a
three component model (g = 3) was found to be the best fit for the data. The mixture models
formulated by EMMIX are also displayed in Figure 7-18 as well. They show a good match with
the experimental data.
The mean values and volume fractions of the component models found by EMMIX for the set
of a-values for the three tests are reported in Table 7.6. The model is very consistent between
the three tests- a dominant component is found at a = 1, a secondary component is found with
a = 0.85 - 0.90, and a tertiary component is found with a 0. We recall that in the discussion
of the results of the EPMA analysis of the reference materials (see Section 6.1.2) we found strong
evidence for the interpretation of the dominant component as a pure C-S-H phase. Keeping with
this interpretation, the secondary component seems to correspond to a C-S-H/CH mixture with
about 85 to 90% C-S-H by weight, although based on its wide variance, it appears to be more of
a disorded mixture than a compositionally homogeneous phase. The tertiary component clearly
corresponds to a "portlanditic" component consisting of large (at least micron-sized) portlandite.
Finally, in the 3 micron grid (on the core of sample C-A-88), we can analyze the spatial dis-
tribution of the hydration products. Figure 7-19 shows the spatial variation in a in this test. We
observe the fomation of zones about 10 micron in size with high a (red) and slightly smaller zones
of low a (blue). White points are those which were classified as clinker and excluded from the
analysis.
210
5PDF 4
-c-Experimental PDF
- Theoretical PDF
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
( alpha
4.5
4 ---- Experime ntal P DF
3.5 - Theoretical PDF
3
PDF 2.5
2
1.5
1
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
c 7 alpha(c)
6
-- c-Exp erimental PDF
5 - Theoretical PDF
PDF 4
3
2
1
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
alpha
Figure 7-18: The distribution of a-values found in the analysis of the hydration products in (a) the
3 micron grid on sample C-A-88, (b) the 20 micron grid on sample C-A-88, and (c) the 20 micron
grid on sample C-B-88, displayed as probability density functions (pdf). In our interpretation, a
is the weight proportion of C-S-H at each data point if we make the assumption that the electron
beam samples a pure mixture of only C-S-H and CH. The theoretical mixture model found by
EMMIX for the distribution is displayed as the individual components (the colored bell-curves)
and the sum of the components- the thick black curve. A three component model was found to be
the best model in all cases.
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Figure 7-19: The spatial variation in a in the 3 micron EPMA grid on the core of sample C-A-88.
The color bar indicates the value of a (the pdf of which is displayed alongside). White points were
classified as clinker and excluded from the analysis.
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Figure 7-20: The distributions of - the mixing proportion of C-S-H with an unknown phase at
Ca=30%, Si=0% displayed as a normalized probability distribution function (PDF) for (a) the 3
micron grid on the core of C-A-523, (b) the 3 micron grid on the core of C-B-523, (c) the 20 micron
grid on the core of C-A-523, and (d) the 20 micron grid on the core of C-B-523.
C-S-H mixture with Unknown Phase The mixture of C-S-H with an unknown phase at
Ca=30%, Si=0% was analyzed on the cores of samples C-A-523 and C-B523. The mixing axes
which were defined for each of these tests are shown in Figure 7-17, along with the coordinates
of Phase I, the C-S-H, for each test. The co-ordinates of the unknown Phase II are defined as
Caji=30%, Sij=0% for all tests. 3 is the mixing proportion, defined as the distance along the
mixing where = 1 at the co-ordinates of Phase I. The distribution of / which were found in the
analyzed samples are shown in Figure 7-20. They do not show any strking order, so no component
model was fit to these distributions. For the 3 micron grids, the spatial distribution of / was
mapped, and this is reproduced in Figure 7-21. Some order forms spatially in the cement paste
composition when it is analyzed this way.
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Figure 7-21: The spatial distribution of - the mixing proportion of C-S-H with an unknown phase
at Ca=30%, Si=0%- for (top) the core of C-A-523 and (bottom) the core of C-B-523. Clinker is
displayed in dark blue.
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7.1.2 Investigation of Alteration Zones
We observed a striking difference in the CCD's of the alteration zones (Figures 7-7 to 7-13) and
those of the cores (Figures 7-1 to 7-7), and, based on the in-depth analysis of the cores which we
have just laid out, we can say that the absence of a C-S-H pole and the various C-S-H anchored
ligands in the former is half of this difference. The other half of the difference is the observation of a
clear commonality among the alteration zone's CCD which we do not need the aid of the component
model to identify- all of the data points lie on a line between approximately 40% calcium, 0% silicon
and 0% calcium, 30% silicon.
Mixture Analysis
The mixture analysis applied to the analysis of C-S-H/CH and C-S-H/unknown phase mixtures
can be equally applied to the mixture-like feature we observe here. But what is being mixed here?
The carbonation reactions,
Ca(OH)2+CO 2 HO CaCO 3 +H 2 0 (7.8)
C - S - H + CO 2 HO CaCO 3+SiO 2 .n(H 20) (7.9)
show that the carbonation of both of the major hydration products leads to the formation of calcium
carbonate, which is 40.0% calcium, 12.0% carbon, and 48.0% oxygen by weight. The other product
of the carbonation reactions is silica gel, paired with some quantity of water; however we do not
know what n, the ratio of water molecules to silica dioxide molecules in the gel, is. Silica dioxide is
46.7% silicon by weight, and we note that its pairing with water molecules might be able to match
the lower value of silicon - 30%- observed in the unknown phase on the other end of the mixing axis.
We can determine if this is possible by generating a general relationship for the weight proportion
of silicon in a hydrous silica-gel compound. The molar mass of the silica gel is:
msi = 28.09g (7.10)
mo = (2 + n)x16.00g (7.11)
mH = 2nx(1.008g) (7.12)
msio 2 = 60.09g + n(18.016g) (7.13)
And the mass proportion of silicon in the compound for n = 1, 2, 3 is given in Table 7.7. A value
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msi o2
1 36.0%
2 29.2%
3 24.6%
Table 7.7: The proportion by mass of silicon in silica gel with n=1,2, and 3 water molecules per
silica dioxide molecule
of n = 2, that is two water molecules paired with every particle of silicon dioxide, best matches the
data (Sisio2.2H20o=29.2%).
We can now use Equation (4.10), developed for a general two-phase mixture, which we recall
here:
Camix = yCai + (1 - y)Cali (7.14)
Simix = Y Si+(1 - 7)Sill (7.15)
where we have replaced A with y for the calcium carbonate/silica gel mixture.We know Cal =
0%, Sii = 29.2% and Call = 40.0%, Siri = 0%, so this system is completely defined. The
distributions of y for each of the alteration zone tests are displayed in Figures 7-22 and 7-23.
Rather than model the distributions with a component model of normal distributions, we have
shown a simple model of the PDF as two straight lines. A straight line PDF is indicative of a
disordered system-consider that a straight line is equivalent to a normal distribution with infinite
dispersion, however we cannot have such a normal distribution in this case as our physical system
is bounded at Ca=0% and at Si=0%. The only order in this distribution is the separation between
the "calcitic" (low y) and "siliceous" (high -) ends of the spectrum by their frequencies- the
great majority of values are on the calcitic end. The transition between these regimes consistently
happens around -y 0.3 - 0.4. This means that in our two-phase system there are few points where
calcite is less than 2/3 of the proportion by weight.
The spatial distribution of y was found for the 3 micron grids on the alteration zones of samples
C-A-88 and C-A-523. These maps are reproduced in Figure 7-24. These images show the formation
of silica gel (high y) clumps with an approximate dimension between 10 and 20 pm.
7.1.3 Summary of Chemical Analysis of Carbonated Cement Pastes
The chemical analysis of the carbonated cement paste samples found three classes of chemical
signatures in these materials, defined by the predominant phase mixtures which were observed.
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Figure 7-22: The distribution of -y-the mixing proportion of silica gel (defined as SiO 2 .2H 20) with
calcium carbonate in the alteration zones of the carbonated samples- displayed as a normalized
probability distribution function (PDF) for (a) the 3 micron grid on sample C-A-88, (b) the 20
micron grid on sample C-A-88, and (c) the 20 micron grid on sample C-B-88. The bent line
superimposed over the distribution is a simple model of it.
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Figure 7-23: The distribution of y-the mixing proportion of silica gel (defined as SiO 2 2H20) with
calcium carbonate in the alteration zones of the carbonated samples- displayed as a normalized
probability distribution function (PDF) for (a) the 3 micron grid on sample C-A-523, (b) the 20
micron grid on sample C-A-523, and (c) the 20 micron grid on sample C-B-523. The bent line
superimposed over the distribution is a simple model of it.
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Figure 7-24: The spatial distribution of -y- the mixing proportion of calcium carbonate with silica
gel- for (top) the alteration zone of C-A-88 and (bottom) the alteration zone of C-A-523.
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Group 1 had the signature of a hydration phase (C-S-H/CH) mixture and included the cores of
samples C-A-88 and C-B-88. Group 2 had the signature of a mixture of C-S-H with some unknown
phase with no silicon content and included the cores of samples C-A-523 and C-B-523. We were
unable to define exactly what C-S-H might be mixing with in this group, but we do note the
presence of a large quantity of sulfur. Group 3 had the signature of a silica gel/calcium carbonate
mixture and included all of the alteration zones. In general, only Group 1 had a chemical signature
very similar to that of the reference materials, presented in the previous Chapter. We note that
the distinction between these Groups probably comes from the location of the tests relative to the
carbonation front, as is illustrated in Figure 7-26. Group 1 tests were able to be run far from the
front due to the bredth of the core in samples C-A-88 and C-B-88. Group 2 tests were constrained
to be run in the vicinity of the carbonation front due to the size of the core in samples C-A-523 and
C-B523. Group 3 tests were run behind the carbonation front. Finally, there is another interesting
distinguishing characteristic of these Groups- the total calcium content. The total calcium content
can be estimated as:
g
< Ca >= Caifi (7.16)
i=1
Where i = 1...g are the components in the component model, Cai is the mean calcium content of
the component, and fi are the volume fractions. The total calcium content determined in this way
for each test is shown in Figure 7-25. Group 1 clearly has the highest total calcium content but no
real distinction can be made between Groups 2 and 3 from this parameter.
The presentation of the mechanical analysis of the carbonated cement pastes in the next Section
will be structured around these three Groups.
7.2 Nanoindentation Analysis
In the first Section of this Chapter we presented the results of the chemical analysis of the carbon-
ated samples and came to the conclusion that there exist three general classes of materials among
our carbonated cement paste samples: Group 1 include the cores of the samples carbonated only
for 88 hours (C-A-88 and C-B-88) wherein the core was large enough that tests could be run far
from the carbonation front, Group 2 includes the cores of the samples carbonated for 523 hours
(C-A-523 and C-B-523) wherein tests were constrained to be run in the vicinity of the carbonation
front, and Group 3 includes all of the alteration zones. In this section we present the results of the
nanoindentation analysis which we ran on the carbonated samples, and we will use the grouping
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Figure 7-25: The total elemental concentration of calcium by mass, < Ca >, for each EPMA grid,
displayed by Group. Group 1 are the cores of samples C-A-88 and C-B-88; Group 2 are the cores
of samples C-A-523 and C-B-523; and Group 3 are the alteration zones of all carbonated samples.
Sample Grid Type Region Test Date Results in:
C-A-88 20x20 Core 11/16/2007 Figure 7-27
C-A-88 20x20 Core 11/29/2007 Figure 7-28
C-A-88 20x20 Core 02/07/2008 Figure 7-29
C-B-88 20x20 Core 12/03/2007 Figure 7-30
Table 7.8: The nanoindentation tests which were run on the Group 1 materials
defined by the chemical analysis as a guideline for the presentation. The nanoindentation tests
which were run are listed in Table 7.8 for Group 1, in Table 7.9 for Group 2, and in Table 7.10 for
Group 3.
7.2.1 Group 1- The undegraded core
Mechanical Signature
The mechanical component diagram (MCD) and component model numerical description for the
four nanoindentation grids run on the samples in Group 1 are presented in Figures 7-27 to 7-30.
The properties of the components are compared between tests in Table 7.11 and are labelled as LD,
HD, or UHD C-S-H or clinker because in general they compare well with the known properties of
C-S-H phases. HD C-S-H was consistently identified in all four tests, LD C-S-H in two, and UHD
C-S-H in three (those on sample the sample C-A-88).
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characterized by the absence of a C-S-H pole and the presence of a clear CaCO 3/Silica gel ligand.
The example chemical signature here shown is from sample C-A-523.
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Sample Grid Type Region Test Date Results in:
C-A-523 20x20 Core 12/09/2007 Figure 7-32
C-A-523 20x20 Core 12/11/2007 Figure 7-33
C-A-523 20x20 Core 02/22/2008 Figure 7-34
C-A-523 40x40 Core 08/08/2008 Table 7.13
C-B-523 20x20 Core 12/16/2007 Figure 7-35
C-B-523 20x20 Core 01/10/2008 Figure 7-36
Table 7.9: The nanoindentation tests which were run on the Group 2 carbonated materials
Sample Grid Type Region Test Date Results in:
C-A-88 20x20 Alteration Zone 12/13/2007 Figure 7-38
C-A-88 20x20 Alteration Zone 01/25/2008 Figure 7-39
C-B-88 20x20 Alteration Zone 12/04/2007 Figure 7-40
C-A-523 20x20 Alteration Zone 12/05/2007 Figure 7-41
C-A-523 20x20 Alteration Zone 01/11/2008 Figure 7-42
C-A-523 40x40 Alteration Zone 05/19/2008 Table 7.15
C-A-523 40x40 Alteration Zone 06/23/2008 Table 7.16
C-A-523 40x40 Alteration Zone 07/17/2008 Table 7.16
C-B-523 20x20 Alteration Zone 12/07/2007 Figure 7-43
C-B-523 20x20 Alteration Zone 12/14/2007 Figure 7-44
C-B-523 20x20 Alteration Zone 12/19/2007 Figure 7-45
C-B-523 20x20 Alteration Zone 01/17/2008 Figure 7-46
Table 7.10: The nanoindentation tests which were run on the Group 3 carbonated materials
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1 2 3
Component
5 10
Indentation Hardness (GPa)
Componert mean std, dev. coeff. of correl. vj
1 M 27.48 5. 0.806 78.4%
H 1.02 0.31
2 M 54.86 20. 0.774 14.2%
H 2.34 1.08
3 M 103.05 35.6C 0.792 7.4%
H &581 2.6C
Figure 7-27: Mechanical make up of the core of sample C-A-88 displayed in the form of the me-
chanical component diagram (MCD) and given in tabular format for a nanoindentation grid run on
11/16/2007. In the MCD, components are numbered in ascending mean indentation modulus order.
The allocation of an experimental data point is indicated by its color. The ellipses are centered on
the mean values of the component and have an extension which covers 3 standard deviations of the
assumed normal bivariate distribution.
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Component mean std. dev. coeff. of correl. vf
1 M 22.30 6.51 0.810 25.3%
H 0.66 0.26
2 M 30.65 3.93 0.633 46.0%
H 1.27 0.21
3 M 41.65 10.12 0.663 21.7%
H 1.59 0.53
M 100.33 35.44 0.827 7.0%
H 7.78 3.51
Figure 7-28: Mechanical make up of the core of sample C-A-88 displayed in the form of the me-
chanical component diagram (MCD) and given in tabular format for a nanoindentation grid run on
11/29/2007. In the MCD, components are numbered in ascending mean indentation modulus order.
The allocation of an experimental data point is indicated by its color. The ellipses are centered on
the mean values of the component and have an extension which covers 3 standard deviations of the
assumed normal bivariate distribution.
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1 2 3
Component Indentation Hardness (GPa)
Component mean std dev. coeff. of correl. vf
1 M 28.64 7. 0.797 81.6%
H 1.11 0.41
2 M 46.64 847 0.212 9.8%
H 2.17 0.75
3 M 109.20 24.89 0.680 8.6%
H 8.13 3.01
Figure 7-29: Mechanical make up of the core of sample C-A-88 for a nanoindentation grid run
on 02/07/2008 displayed in the form of the mechanical component diagram (MCD) and given in
tabular format. In the MCD, components are numbered in ascending mean indentation modulus
order. The allocation of an experimental data point is indicated by its color. The ellipses are
centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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Component Indentation Hardness (GPa)
Component mean std. dev. coeff. of carrel. vf
1 M 20.59 5. 0.806 49.8%
H 0.69 0.27
2 M 33.24 9. 0.726 38.6%
H 1.24 0.45
3 M 85.61 34.3 0.745 11.6%
H 6.78 3.44
Figure 7-30: Mechanical make up of the core of sample C-B-88 for a nanoindentation grid run
on 12/03/2007 displayed in the form of the mechanical component diagram (MCD) and given in
tabular format. In the MCD, components are numbered in ascending mean indentation modulus
order. The allocation of an experimental data point is indicated by its color. The ellipses are
centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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LD C-S-H HD C-S-H UHD C-S-H Clinker
Sample Test Date M H vf M H vf M H Vf M H Vf
C-A-88 11/16/2007 - - - 27.5 1.02 78.4% 54.9 2.34 14.2% 103 8.58 7.4%
C-A-88 11/29/2007 22.3 .655 25.3% 30.7 1.27 46.0% 41.7 1.59 21.7% 41.7 1.59 21.7%
C-A-88 02/07/2008 - - - 28.6 1.11 81.6% 46.6 2.17 9.8% 109 9.13 8.6%
C-B-88 12/03/2007 20.6 .695 49.8% 33.2 1.24 38.6% - - - 85.6 6.78 11.6%
Vandamme and Ulm [209] 16-26 0.27-0.88 - 27-40 0.74-1.45 - 36-54 1.15-2.351- I- - - I
Table 7.11: Properties of mechanical components identified by EMMIX analysis of Group 1 of the carbonated cement pastes compared
with hydration product values from the literature. M and H are in GPa)
I
Sample Test Date "ILD 1 HD 7UHD (0)
C-A-88 11/16/2007 - .704 .791 .297
C-A-88 11/29/2007 .731 .754 .760 .261
C-A-88 02/07/2008 - .703 .743 .271
C-B-88 12/03/2007 .660 .779 - .314
Vandamme and Ulm [209] - .62-.71 .69-.82 .78-.90
Jennings [198] - .63 .76
Limit Packing States [106][64][183] - .64 .74
Table 7.12: Comparison of hydration product packing densities found by nanoindenation on the
carbonated cement paste cores and values from the literature and limit packing states (RCP/MRJ
for the LD C-S-H and fcc/hcp for the HD C-S-H
Microstructure
From this component model the hydration phases are isolated as those phases having a mean
indentation modulus and indentation hardness below the modulus and hardness of the C-S-H solid
phase, for which we use the latest estimates from atomic simulation [154], m, =65 GPa. The
packing densities of the hydrated phases are determined from the fitting algorithm described in
Chapter 5. The packing density distributions which were determined in this way are displayed in
Figure 7-31. The distributions in general show an ordered porosity structure.
The mean packing densities of the components of these distributions are reported in Table 7.12
according to the classification given to the component based on its mechanical properties (see Table
7.11). With the exception of the 02/07/08 test on C-A-88, the values are within the general ranges
found by Vandamme and Ulm [209] and around those proposed by Jennings [198] and determined
by limit packing states of spheres [106][64][183] for the LD and HD C-S-H. The packing densities
determined for the ultra high-density phase are consistently lower than the range found for this
phase by Vandamme and Ulm. The gel porosity, (M), calculated as:
(0) = 1 - (n) (7.17)
is also reported in Table 7.12. It ranges from 26-31% in these tests.
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Figure 7-31: The distribution of C-S-H packing densities (7) for the Group 1 materials, as deter-
mined from nanoindentation tests on the core of sample C-A-88 on (a) 11/16/07, (b) 11/29/07, and
(c) 02/07/08, and (d) from the core of sample C-B-88 on 12/03/07. The packing density is calculatd
for an assumed polycrystal morphology with spherical particles (ms =65 GPa, h, =3 GPa). The
component model superimposed over the distributions comes from a the fit of a trivariate (M, H, 2)
component model.
standard coefficient of volume
Component mean deviation correlation fraction
1 M 17.07 4.69 0.770 29.6%
H 0.61 0.21
2 M 27.39 7.70 0.727 56.9%
H 1.20 0.41
3 M 74.06 36.09 0.853 13.5%
H 5.48 2.89
Table 7.13: Mechanical make up of the core of sample C-A-523 according to the EMMIX component
model fit for a 40 x 40 nanoindentation grid run on 08/08/2008
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Indentation Hardness (GPa)
Componert mean std dev. coeff. of correl. vf
1 M 20.72 7.28 0.897 79.2%
H 0.84 0.37
2 M 64.32 33.57 0.818 20.8%
H 3.81 2.57
Figure 7-32: Mechanical make up of the core of sample C-A-523 displayed in the form of the
mechanical component diagram (MCD) and given in tabular format for a nanoindentation grid run
on 12/09/2007. In the MCD, components are numbered in ascending mean indentation modulus
order. The allocation of an experimental data point is indicated by its color. The ellipses are
centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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Indentatedn Hardness (GPa)
Component mean stcL dev. coeff. of correl. vi
1 M 20.65 6.17 0.784 91.6%
H 0.80 0.35
2 M 40.84 19.56 0.865 8.4%
H 3.38 2.32
Figure 7-33: Mechanical make up of the core of sample C-A-523 displayed in the form of the
mechanical component diagram (MCD) and given in tabular format for a nanoindentation grid run
on 12/11/2007. In the MCD, components are numbered in ascending mean indentation modulus
order. The allocation of an experimental data point is indicated by its color. The ellipses are
centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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Component Indentation Hardness (GPa)
Component mean std dev. coeff. of correl. vf
1 M 17.07 4. 0.770 29.6%
H 0.61 0.21
2 M 27.39 7.7 0.727 56.9%
H 1.20 0.41
3 M 74.06 36. 0.853 13.5%
H 5.48 2.89
Figure 7-34: Mechanical make up of the core of sample C-A-523 (top) displayed in the form of the
mechanical component diagram (MCD) and given in tabular format for a nanoindentation grid run
on 02/22/2008. In the MCD, components are numbered in ascending mean indentation modulus
order. The allocation of an experimental data point is indicated by its color. The ellipses are
centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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Component Indentation Hardness (GPa)
Component mean std dev. coeff. of correl. vf
1 M 27.91 6.89 0.903 79.0%
H 1.14 0.36
2 M 56.50 19.21 0.959 16.4%
H 3.14 1. 44
3 M 80.09 10. 0.357 4.7%
H 6.26 1.55
Figure 7-35: Mechanical make up of the core of sample C-B-523 displayed in the form of the
mechanical component diagram (MCD) and given in tabular format for a nanoindentation grid run
on 12/16/2007. In the MCD, components are numbered in ascending mean indentation modulus
order. The allocation of an experimental data point is indicated by its color. The ellipses are
centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
234
2370 150
2360
L-
w
100
2E4 rnp. I
00 /
1 2 1 5 10 is
Component I ndentation Hardness (GPa)
Compaert mean std dev. coeff. of carrel. v4
1 M 22.54 8.02 0.853 86.0%
H 0.92 0.4C
2 M 79.86 36.08 0.856 14.0%
H 5.84 3.45
Figure 7-36: Mechanical make up of the core of sample C-B-523 displayed in the form of the
mechanical component diagram (MCD) and given in tabular format for a nanoindentation grid
01/10/2008. In the MCD, components are numbered in ascending mean indentation modulus
order. The allocation of an experimental data point is indicated by its color. The ellipses are
centered on the mean values of the component and have an extension which covers 3 standarddeviations of the assumed normal bivariate distribution.
deviations of the assumed normal bivariate distribution.
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7.2.2 Group 2- Near the carbonation front
Mechanical Signature
The mechanical component diagram (MCD) and component model numerical description for the
six nanoindentation grids run on the samples in Group 2 are presented in Figures 7-32 to 7-36.
We recall that the chemical analysis of Group 2 revealed that these materials have a strong C-S-H
pole, similar to Group 1, but no portlandite. To see how this difference is manifested mechanically,
the properties of the mechanical components of Group 2 are compared between tests in Table 7.14.
We identify four general types of components which emerge among the tests, from which we define
four mechanical classes, analogous to the mechanical classes of ordinary hydrated cement paste-
LD, HD, and UHD C-S-H, and clinker- but without the physical interpretation:
* Class 2.1-(M < 25GPa)
The weakest mechanical class identified in Group 2 has on average a modulus of M 2 .1 _19
GPa and hardness of H 2.1 -0.78 GPa. These mechanical properties compare well with those
identified for LD C-S-H in the literature [209] (MLD =16-26 GPa,HLD=0.27-0.88 GPa) and
with the LD C-S-H identified in Group 1 (see Table 7.11), although the indentation hardness
is on average higher for class 2.1. The volume fractions of this component vary widely. It is
identified in all but one of the tests.
* Class 2.2-(M = 25 - 35GPa)
The second mechanical class identified in Group 2 consistently has a modulus around M 2 .2 -27
GPa. The hardness has a greater variance, but on average is H2.2 _1.3GPa. These properties
compare very well with those identified for HD C-S-H in the literature [209] (MHD =17-40
GPa,HHD=0.74-1.45 GPa) and are in the same range as for the components identified as HD
C-S-H in Group 1 (see Table 7.11). This mechanical component is only identified in 3 of 6
tests, but when it is identified it is the dominant component by its volume fraction.
* Class 2.3-(M = 35 - 65GPa)
The third mechanical class identified in Group 2 has a broad range of moduli (M 2.3 =41-64
GPa) and hardnesses (H 2 .3=3.14-3.81). While these moduli fall within the range of possible
moduli for a C-S-H phase, the hardnesses are much higher than what has been observed for
the stiffest C-S-H phase, UHD C-S-H in the literature [209] (HUHD=1.15-2 .3 5 GPa), and in
236
Group 1 (see Table 7.11). This component is observed in 4 of 6 tests and generally has a
small volume fraction (8-26%).
* Class 2.4-(M > 65GPa)
The stiffest mechanical component identified in Group 2 has a range of moduli (M 2.4 =74-93
GPa) and hardnesses (H 2.4=5.5-9.1 GPa) which put it well outside the range of any hydration
phase. This component is observed in 4 of 6 tests with a small volume fraction (5-14%).
Microstructure
Mechanical classes 2.1 and 2.2 compare well with LD and HD C-S-H, respectively, based on their
mechanical properties. From this component model the hydration phases are isolated as those
phases having a mean indentation modulus and indentation hardness below the modulus and hard-
ness of the C-S-H solid phase, for which we use the latest estimates from atomic simulation [154],
m. =65 GPa and h, =3 GPa. The packing densities of the hydrated phases are determined from
the fitting algorithm described in Chapter 5. The packing density distributions which were de-
termined in this way are displayed in Figure 7-37. The distributions in general show an ordered
porosity structure, with one very dominant packing density around which the material organizes.
The packing density distribution of the test run on 08/08/08 seems to be an anomaly.
7.2.3 Group 3- The Alteration Zones
Mechanical Signature
The mechanical component diagram (MCD) and component model numerical description for the
nanoindentation grids run on the samples in Group 3 (the alteration zones) are presented in Figures
7-38 to 7-46. These diagrams show that the bulk of mechanical properties assume a wide range of
values. In particular, it is noteworthy that the components which are dominant by volume fraction
often extend well above 65 GPa in indentation modulus, the theoretical maximum of any C-S-H
phase. In a manner analogous to the analysis of the Group 2 mechanical signature, we identify the
consistent mechanical classes which emerge from Group 3 based on a comparison of the mechanical
component models from all tests, as shown in Table 7.18. Five mechanical classes were identified.
Of these, two are present only in some tests:
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Class 2.1 Class 2.2 Class 2.3 Class 2.4
M <25 GPa M =25-35 GPa M =35-65 GPa M >65 GPa
Sample Test Date M2.1 H 2 .1  vf M 2 .2 H 2 .2 vf M 2.3 H 2 .3 vf M 2 .4 H 2.4 Vf
C-A-523 12/09/2007 20.7 0.844 79.2% - - - 64.3 3.81 20.8% - - -
C-A-523 12/11/2007 20.6 0.802 91.6% - - - 40.8 3.38 8.40% - - -
C-A-523 02/22/2008 17.1 0.605 29.6% 27.4 1.20 56.9% - - - 74.1 5.48 13.5%
C-A-523 08/08/2008 16.4 0.705 21.5% 27.2 1.43 44.4% 53.9 3.18 26.2% 93.1 9.10 7.8%
C-B-523 12/16/2007 - - - 27.9 1.14 79.0% 56.5 3.14 16.4% 80.1 6.26 4.7%
C-B-523 01/10/2008 22.5 0.923 86.0% - - - - - - 79.9 5.84 14.0%
Mean -19.5 0.7761 127.5 11.261 53.9 [3.38 81.8 6.67
Table 7.14: Properties of mechanical components identified by EMMIX analysis of Group 2 of the carbonated cement pastes. M and H
are in GPa
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Figure 7-37: The distribution of C-S-H packing densities (ij) for the Group 2 materials, as deter-
mined from nanoindentation tests on the core of sample C-A-523 on (a) 12/09/07, (b) 12/11/07,
(c) 02/22/08, and (d) 08/08/08 and from the core of sample C-B-523 on (e) 12/16/07 and (f)
01/10/08. The packing density is calculatd for an assumed polycrystal morphology with spherical
particles (ms =65 GPa, h8 =3 GPa). The component model superimposed over the distributions
comes from a the fit of a trivariate (M, H, i/) component model.
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Indentation Hardness (GPa)
Component mean stcL dev. coeff. of correl. vf
1 M 14.40 5.11 0.783 27.7%
H 0.54 0.19
2 M 27.30 7.61 0.791 21.8%
H 1.25 0.24
3 M 49.41 16.27 0.891 46.9%
H 2.55 0.91
4 M 88.75 28.52 0.944 3.5%
H 7.36 2.96
Figure 7-38: Mechanical make up of the alteration zone of sample C-A-88 displayed in the form
of the mechanical component diagram (MCD) and given in tabular format for a nanoindentation
grid run on 12/13/2007. In the MCD, components are numbered in ascending mean indentation
modulus order. The allocation of an experimental data point is indicated by its color. The ellipses
are centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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1 M 14.79 5. 0.743 15.9%
H 0.54 0.15
2 M 26.63 8.95 0.765 24.7%
H 1.24 0.39
3 M 51.25 16. 0.864 55.1%
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4 M 95.90 32.31 0.673 4.3%
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Figure 7-39: Mechanical make up of the alteration zone of sample C-A-88 displayed in the form
of the mechanical component diagram (MCD) and given in tabular format for a nanoindentation
grid run on 01/25/2008. In the MCD, components are numbered in ascending mean indentation
modulus order. The allocation of an experimental data point is indicated by its color. The ellipses
are centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
241
4000
- 3980
3960
%LL 3960
3940
392
0-
0
U- 0.
0)
E
C armp 4
.. j" , t
/ p. . .
IIN W0
P r
P C
._~----- ~  --..............--
n
i. . . . . ..-- -cl
2760 15 -, ,
S2750
2740 / .
2730 7
2 4
g .0
-6.
1 2 3 4 4 10.78
1 M 1867 28 0.8 31.2%
H 41
H 11.85 0.76
Figure 7-40: Mechanical make up of the alteration zone of sample C-B-88 displayed in the form
of the mechanical component diagram (MCD) and given in tabular format for a nanoindentation
grid run on 12/04/2007. In the MCD, components are numbered in ascending mean indentation
modulus order. The allocation of an experimental data point is indicated by its color. The ellipses
are centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.deviations of the assumed normal bivariate distribution.
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Indentation Hardness (GPa)
Component mean stdcL dev. coeff. of carrel. vf
1 M 17.08 9. 0.890 25.8%
H 0.72 0.36
2 M 49.11 17.26 0.882 71.0%
H 2.81 1.14
3 M 111.14 45. 0.887 3.1%
H 10.36 3.03
Figure 7-41: Mechanical make up of the alteration zone of sample C-A-523 displayed in the form
of the mechanical component diagram (MCD) and given in tabular format for a nanoindentation
grid run on 12/05/2007. In the MCD, components are numbered in ascending mean indentation
modulus order. The allocation of an experimental data point is indicated by its color. The ellipses
are centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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Component mean std dev. coeff. of carrel. vt
1 M 13.01 6.10 0.784 22.2%
H 0.50 0.23
2 M 47.83 20.06 0.912 72.3%
H 2.45 1.12
3 M 101.51 20.40 0.583 5.5%
H 7.41 3.35
Figure 7-42: Mechanical make up of the alteration zone of sample C-A-523 displayed in the form
of the mechanical component diagram (MCD) and given in tabular format for a nanoindentation
grid run on 01/11/2008. In the MCD, components are numbered in ascending mean indentation
modulus order. The allocation of an experimental data point is indicated by its color. The ellipses
are centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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1 M 20.74 5. 0.567 32.3%
H 0.77 0.25
2 M 45.50 10. 0.796 63.1%
H 2.04 0.59
3 M 77.20 37. 0.955 4.6%
H 4.86 2.89
Figure 7-43: Mechanical make up of the alteration zone of sample C-B-523 displayed in the form
of the mechanical component diagram (MCD) and given in tabular format for a nanoindentation
grid run on 12/07/2007. In the MCD, components are numbered in ascending mean indentation
modulus order. The allocation of an experimental data point is indicated by its color. The ellipses
are centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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1 M 2.71 0.58 0.728 5.4%
H 0.17 0.03
2 M 18.98 8.05 0.974 10.9%
H 0.89 0.46
3 M 53.91 15.20 0.945 78.6%
H 2.97 1.05
4 M 73.49 30.02 0.946 5.1%
H 5.31 2.91
Figure 7-44: Mechanical make up of the alteration zone of sample C-B-523 displayed in the form
of the mechanical component diagram (MCD) and given in tabular format for a nanoindentation
grid run on 12/14/2007. In the MCD, components are numbered in ascending mean indentation
modulus order. The allocation of an experimental data point is indicated by its color. The ellipses
are centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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Figure 7-45: Mechanical make up of the alteration zone of sample C-B-523 displayed in the form
of the mechanical component diagram (MCD) and given in tabular format for a nanoindentation
grid run on 12/19/2007. In the MCD, components are numbered in ascending mean indentation
modulus order. The allocation of an experimental data point is indicated by its color. The ellipses
are centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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Figure 7-46: Mechanical make up of the alteration zone of sample C-B-523 displayed in the form
of the mechanical component diagram (MCD) and given in tabular format for a nanoindentation
grid run on 01/17/2008. In the MCD, components are numbered in ascending mean indentation
modulus order. The allocation of an experimental data point is indicated by its color. The ellipses
are centered on the mean values of the component and have an extension which covers 3 standard
deviations of the assumed normal bivariate distribution.
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12 3 4
Component
0.5
standard coefficient of volume
Component mean deviation correlation fraction
1 M 13.93 5.99 0.762 15.5%
H 0.54 0.25
2 M 27.82 8.72 0.755 29.6%
H 1.46 0.54
3 M 50.05 13.64 0.856 52.0%
H 3.45 1.14
4 M 75.65 22.01 0.736 2.9%
H 7.13 2.92
Table 7.15: Mechanical make up of the alteration zone of sample C-A-523 according to the EMMIX
component model fit for a 40 x 40 nanoindentation grid run on 05/19/2008
standard coefficient of volume
Component mean deviation correlation fraction
1 M 15.62 5.79 0.690 21.3%
H 0.62 0.28
2 M 30.92 9.95 0.638 22.9%
H 1.41 0.51
3 M 50.45 14.95 0.848 42.3%
H 3.23 0.95
4 M 72.21 20.29 0.689 11.2%
H 5.18 1.43
5 M 139.24 40.60 0.813 2.3%
H 16.59 3.37
Table 7.16: Mechanical make up of the alteration zone of sample C-A-523 according to the EMMIX
component model fit for a 40 x 40 nanoindentation grid run on 06/23/2008
standard coefficient of volume
Component mean deviation correlation fraction
1 M 13.65 4.75 0.656 18.1%
H 0.60 0.25
2 M 28.21 8.44 0.469 27.6%
H 1.38 0.52
3 M 51.25 15.89 0.796 49.7%
H 3.17 1.18
4 M 97.06 36.35 0.741 4.5%
H 9.51 4.96
Table 7.17: Mechanical make up of the alteration zone of sample C-A-523 according to the EMMIX
component model fit for a 40 x 40 nanoindentation grid run on 05/19/2008
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* Class 3.1-(M <10 GPa, H <0.5 GPa)
This component is an anomalous occurence and probably represents macroporosity.
* Class 3.3-(M =25-35 GPa, H =1.1-2 GPa)
This component is observed in about half of the tests. It has a mean modulus, M3.3 _29
GPa, and hardness, H3.3 "-1.4 GPa, which look like those of HD C-S-H (MHD =17-40
GPa,HHD=0.74-1.45 GPa [209]) and class 2.2 (see Table 7.14).
The other three mechanical classes are present in nearly all of the tests:
* Class 3.2-(M =10-25 GPa, H =0.5-1.1 GPa)
This class is in general the secondary mechanical class in the alteration zones- that is the
class the second most represented. The mean modulus, M 3 .2 -16 GPa, and hardness,
H3.2 -0.69 GPa of this component are not so different from those of LD C-S-H (MLD =16-26
GPa,HLD=0.27-0.88 GPa [209]). They are slightly reduced compared to class 2.1 (see Table
7.14)
* Class 3.4-(M =35-55 GPa, H =2-4 GPa)
This component is in general the dominant component in the alteration zones- that is the
component with the largest volume fraction. It has a mean hardness, H 3.4 _2.78 GPa, above
the range of any C-S-H phase, but its mean modulus, M3.4 -50 GPa is within the range of
UHD C-S-H (MUHD =36-54 GPa,HuHD=1.15-2.35 GPa [209]).
* Class 3.5-(M >55 GPa, H >4 GPa)
This is the stiffest mechanical class, with a mean modulus of M 3 .5 i92 GPa and mean
hardness of H 3.5  -7.92 GPa.
Gradation of Mechanical Properties
In order to probe the possibility of a gradation of mechanical properties in the alteration zone-
that is, a change in the mechanical properties correlated with distance behind the carbonate front-
we ran a series of grids with the geometry of 10x40 indents, wherein the long axis ran parallel to
the front, allowing us to determine the mechanical makeup of 200 mm wide zones stepping away
from the carbonation front (where the first grid was set up 200 /m off of the front). These tests,
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Class 3.1 Class 3.2 Class 3.3 Class 3.4 Class 3.5
M <10 GPa M =10-25 GPa M =25-35 GPa M =35-55 GPa M >55 GPa
Test H <0.5 GPa H =0.5-1.1 GPa H =1.1-2 GPa H =2-4 GPa H >4 GPa
Sample Date M3. 1 H 3 .1 Vf M3.2  H 3 .2 Vf M 3.3  H 3.3  Vf M3.4  H 3 .4 Vf M 3 .5  H3 .5  Vf
C-A-88 12/13/07 14.40 0.54 27.7% 27.30 1.25 21.8% 49.41 2.55 46.9% 88.75 7.36 3.5%
C-A-88 01/25/08 14.79 0.54 15.9% 26.63 1.24 24.7% 51.25 2.88 55.1% 95.90 6.99 4.3%
C-B-88 12/04/07 18.67 0.94 31.2% 47.18 2.39 51.6% 57.43 4.09 14.5%
133.87 11.85 2.7%
C-A-523 12/05/07 17.08 0.72 25.8% 49.11 2.81 71.0% 111.14 10.36 3.1%
C-A-523 01/11/08 13.01 0.50 22.2% 47.83 2.45 72.3% 101.51 7.41 5.5%
C-A-523 05/19/08 13.93 0.54 15.5% 27.82 1.46 29.6% 50.05 3.45 52.0% 75.65 7.13 2.9%
C-A-523 06/23/08 15.62 0.62 21.3% 30.92 1.41 22.9% 50.45 3.23 42.3% 72.21 5.18 11.2%
139.24 16.59 2.3%
C-A-523 07/17/08 13.65 0.60 18.1% 28.21 1.38 27.6% 51.25 3.17 49.7% 97.06 9.51 4.5%
C-B-523 12/07/07 20.74 0.77 32.3% 45.50 2.04 63.1% 77.20 4.86 4.6%
C-B-523 12/14/07 2.71 0.17 5.4% 18.98 0.89 10.9% 53.91 2.97 78.6% 73.49 5.31 5.1%
C-B-523 12/19/07 6.42 0.30 27.0% 16.18 0.61 29.6% 30.43 1.59 15.8% 74.30 7.10 5.1%
8.93 0.25 22.5%
C-B-523 01/17/08 7.14 0.37 10.2% 21.01 1.03 21.2% 51.12 2.62 61.6% 95.30 7.19 7.1%
Mean - 6.3 0.27 16.5 0.69 28.6 1.39 4 9 .7 2.78 92.4 7.92
Table 7.18: Properties of mechanical components
alteration zones). M and H are in GPa
identified by EMMIX analysis of Group 3 of the carbonated cement pastes (the
Distance Component 1 Component 2 Component 3&4
from Front (pm) M H vf M H Vf M H vf
200-400 19.87 .738 26.3% 49.64 3.098 68.8% 101.75 10.36 4.9%
400-600 17.97 .778 33.3% 48.76 3.073 64.6% 118.22 15.23 2.1%
600-800 15.97 .649 23.1% 46.23 2.884 71.6% 106.02 10.84 5.3%
800-1000 20.04 .827 30.3% 52.1 3.28 66.7% 153.23 16.47 3.0%
1000-1200 19.54 .905 44.4% 49.87 3.02 52.1% 83.61 7.81 3.5%
1200-1400 19.44 .774 29.7% 47.5 2.79 66.9% 90.71 7.35 3.5%
1400-1600 17.94 .756 19.7% 45.0 2.69 73.5% 109.0 11.21 6.8%
1600-1800 13.23 .605 20.3% 30.7 1.57 36.3% 52.0 3.48 38.6%
90.86 9.12 4.8%
Table 7.19: Mechanical make up (the component model) of the alteration zone of sample C-A-
523 measured by 10x40 nanoindenation grids placed in successive 200 micron intervals from the
carbonation front.
which were run on 06/23/2008 (200-1000Mm from the front) and 07/17/2008 (1000-1800pjm from
the front) are summarized in the form of the component model for all of the points in the two 800
/am broad zones, in Tables 7.16 and 7.17 respectively, and for each of the eight 200 pm broad zones
in Table 7.19. The second table provides especially clear results-which show that the only possible
trend on any of the mechanical properties or volume fractions is a decrease in the hardness of the
second component properties, although not definitively. All of the "strip" tests have dominant and
secondary components which are identifiable as mechanical classes 3.4 and 3.2, respectively, just
as was found for the majority of alteration zone tests (see Table 7.18). This indicates that we are
likely in a state of ultimate carbonation in the alteration zone of this sample (C-A-523) and likely
this is the case in all samples, as a similar mechanical signature has been identified consistently in
all four samples.
7.2.4 Summary
In this Section we have presented the results of the nanomechanical analysis of our carbonated
cement pastes. We structured the presentation according to the three classes of material compo-
sition which were defined in the chemical analysis of the samples- the undegraded cores (Group
1), the core in the vicinity of the carbonation front (Group 2), and the alteration zones (Group 3).
Groups 1 and 2 were found to have mechanical signatures indistinguishable from that of an ordinary
(undegraded) cement paste; however, in general Group 2 is dominated by its weakest mechanical
class (class 2.1), while Group 1 is dominated by a HD C-S-H phase. Class 2.1 was identified as LD
C-S-H; however its mechanical properties are slightly reduced from the mechanical properties of
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the LD C-S-H phase identified in Group 1. In addition, the microstructure of Group 2 was found to
be generally "simpler" than that of Group 1- that is, it is often organized around only one C-S-H
packing density whereas the microstructure of Group 1 always had two or three organizing packing
densities.
Finally, the mechanical signature of Group 3 was observed to have five mechanical classes, in-
cluding a very consistent dominant (Class 3.4, M 3.4 - 50 GPa, H 3.4 - 2.8 GPa) and secondary
(Class 3.2., M 3.2 -_16 GPa, H 3 .2 -- 0.7 GPa) component. We notice no correlation between the me-
chanical signature and distance behind the carbonation front, nor between the mechanical signature
and the sample so we conclude that we are in a state of "ultimate carbonation." The interpreta-
tion of this mechanical signature requires additional consideration of the chemical analysis results-
which in turn will be better explained by the conclusions of the mechanical analysis. Such a dual
chemical-mechanical analysis of the alteration zones is the subject of the next Chapter and will
present the final conclusions of our results.
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Chapter 8
Discussion
In our dual chemical-mechanical analysis we have set out to answer the broadly defined research
question What is/are the fundamental building block(s) of carbonated cement paste and how do
they organize among themselves to reach higher scales? We have focused the question within an
industrial context- the problem of carbon sequestration in cement lined oil wells- and thus restrict
our study to a typical oil well cement paste, Class G, cured at the high temperatures and pressures
common to that environment, and exposed to water-based CO 2 attack (two types: wet supercritical
CO 2 and CO2-saturated water).
In the chemical analysis of our carbonated samples, we observed that the materials could be
organized into three groups based on their chemical signatures and that these groups corresponded
with position relative to the carbonation front. We recall that these Groups were:
1. The cores of the samples C-A-88 and C-B-88, far from the carbonation front.
2. The cores of the samples carbonated for the longer amount of time (C-A-523 and C-B-523).
3. The alteration zones of all four carbonated samples.
This classification is illustrated in Figure 7-26. Fundamentally the grouping is made on the
basis of the presence or absence of major phases or mixtures of phases, identified on the chemical
signature as "poles" and "ligands," respectively. Group 1 is characterized by a strong C-S-H pole
and a ligand connecting C-S-H to CH, thereby showing that there is a mixture of the two major
hydration phases in this group of samples. Clinker poles or clinker/C-S-H ligands are also observed
in this group. All of these features are what we would expect from an ordinary, uncarbonated
portland cement paste sample (we refer here to the chemical analysis of our reference samples).
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We can conclude that the tests in Group 1, which were made far from the carbonation front, are
representative of uncarbonated cement paste. We note that this is not the case for the tests made in
the relatively smaller cores of the samples carbonated for 523 hours- Group2- wherein the location
of the test was always necessarily close to the carbonation front. Here, we still see a clear C-S-H
pole, but there is no C-S-H/CH ligand. In these tests we observe the presence of sulfur and the
mixing of C-S-H with a silica-free phase which is about 30% calcium by weight (although we are
not able to identify this phase). The simplest interpretation that we can make of these observations
is that some carbonation occurs ahead of the carbonation front, and that in particular it is the
carbonation of portlandite which here takes place ahead of the carbonation of C-S-H.
Group 3 is characterized by the complete absence of both C-S-H and CH and the presence of
a strong calcium carbonate/silica gel ligand. We note no major difference between the character
of the chemical signature among the four alteration zones, suggesting that this chemical signature
represents an ultimate state of carbonation. The results of our nanoindentation analysis provide
a mechanical signature of this state of "ultimate carbonation" which we wish to characterize.
We recall that we identified five mechanical classes in the alteration zones and that two of these
classes do in fact mechanically resemble C-S-H phases. Class 3.3 has the properties of HD C-S-
H phase (M3.3 -_29 GPa, and hardness, H2.3 _-1.4 GPa,), but is only observed in about half of
the tests. Class 3.2 has something near the properties of a LD C-S-H phase-M 3.2 -16 GPa, and
hardness, H 3.2 20.69 GPa. Interestingly, both of these classes of components have analogues in the
mechanical classes identified in Group 2-- Class 2.1 has M 2.1 _19 GPa and H 2.1 -0.78 GPa and
Class 2.2 has M 2.2 _27 GPa and H 2.2 -1.3 GPa. In particular, Class 2.2 is consistently observed
in the alteration zones as the second most represented mechanical class by volume fraction. It is
not immediately evident from the mechanical analysis that no C-S-H is present in the carbonated
material.
The alteration zone mechanical class which is clearly mechanically distinct from a C-S-H
phase is its dominant class- Class 2.4- which has too high a hardness (H 2.4 ~2.78 GPa- its
modulus,M 2.4 -50 GPa, is also very high) to be a C-S-H phase, although if we were to say that
it could be UHD C-S-H, we would then have to explain its high representation. Could this stiff
mechanical class prove the existence of calcium carbonate in the alteration zones? Consider that
calcite- the well-crystalized polymorph of calcium carbonate- has a plane stress modulus of 101
GPa based on its elastic tensor, which is given in Table 8.1, where the plane stress modulus can be
considered equivalent to the indentation modulus. Experimentally, it has been found that calcite
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C-S-H [154] Calcite'
Voigt bulk modulus in GPa 51 79
Reuss bulk modulus in GPa 47 73
Voigt shear modulus in GPa 24 37
Reuss shear modulus in GPa 22 34
Poisson's ratio 0.30 0.30
Plane stress modulus in GPa 65 101
Table 8.1: The elastic tensors of C-S-H and calcite
grains in marble have a nanoindentation modulus of around 75 GPa2 . We note that the alteration
zone mechanical class 3.5 has a mean modulus of M3.5 -92 GPa (with a wide variance), and al-
though it is small in proportion, it is observed consistently. The "sprawl" of mechanical properties
which we noted in the mechanical component diagrams could well be explained by the introduction
of this stiffer phase into our system. The distribution of all observations of indentation modulus on
the alteration zones of the carbonated samples (7091 observations in all!) is shown in Figure 8-1.
Interestingly, we note that very few observations were made of a indentation modulus greater
than - 80 GPa. From this we can conclude that if there is calcite in our carbonated material, it is
not large enough to reproduce its crystalline stiffness. "Large enough" is here defined by the size
of the indentation test (the indentation depth), which is about 100 nm at stiffnesses of 80 GPa-
so if there are calcite crystals, they are sub-micron scale. The characteristic size of mechanically
homogeneity in the carbonated samples was further studied by a 3 micron nanoindentation grid
(on sample C-A-523), providing us with a continuous picture of the mechanical topography of the
alteration zone. In this test the dominant mechanical component (vf =71.0%) has a mean modulus
of 42.0 GPa and a mean hardness of 2.60 GPa, so it represents mechanical class 3.4. The secondary
mechanical component (vf=23.7%) has a mean modulus of 16.3 GPa and a mean hardness of 0.874
GPa so it represents class 3.2. Figure 8-2 shows the topographic distribution of the measured
indentation moduli and hardnesses. We note that large (10-20 um) regions with similar mechanical
properties seem to form.
The "evolution" of the sum indentation modulus distribution throughout the process of car-
bonation is illustrated by Figure 8-3, which displays the distribution of all observed moduli from
tests on Group 1 (top, 1462 observations in all) and on Group 2 (bottom, 2528 observations in all).
The modulus distribution of Group 1 is characterized by a central peak at M-30 GPa. In Group
2 this peak is broader and has shifted towards a lower value, M-25 GPa. In addition, the initial
2Personal communication from Z. Brooks, MIT Department of Civil and Environmental Engineering.
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Figure 8-1: The distribution of indentation moduli observed in all tests from Group 3 (the alteration
zones of samples C-A-88, C-B-88, C-A-523, and C-B-523, 7091 observations in all) displayed as a
probability distribution function (PDF).
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Figure 8-2: Spatial distribution of the measured (left) indentation modulus and (right) indentation
hardness in a 3 micron grid nanoindentation test of the alteration zone of sample C-A-523. The
color bar shows correspondence of the colors to modulus/hardness values ranging from 0/0 (blue)
to 75/5 GPa (red). White points have indentation moduli > 75 GPa. Hatched squares were tests
which were deemed invalid.
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Figure 8-3: The distribution of indentation moduli observed in all tests from (top) Group 1 (the
cores of samples C-A-88 and C-B-88, 1462 observations in all) and (bottom) Group 2 (the cores
of samples C-A-523 and C-B-523, 2528 observations in all) displayed as a probability distribution
function (PDF).
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formation of a peak around M-60 GPa is noted. The distribution of moduli in Group 3 seems
like a logical extension of this evolution- the peak is drastically broadened, both towards lower
and higher values. It is also confirms the evolution of the mechanical signature which we observed,
which was roughly- dominance by HD C-S-H in Group 1 to dominance by Class 2.1 (like LD C-S-H)
in Group 2 to dominance by Class 3.4 (a very stiff phase) in Group 3, with the persistence of an
LD C-S-H-like mechanical class (Class 3.2).
The meaning of this persistent mechanical class may be clarified by a large-scale EPMA map-
ping of the alteration zone of sample C-A-523. The compositional component diagram (CCD)
produced by a 40x40, 3 micron spaced EPMA grid on this material zone is displayed in Figure 8-4.
In this CCD there is a noticeable "hockey stick" like knob in the otherwise straight line between
which we have shown is well represented by a linear mixture of calcium carbonate and silica gel.
Such a feature is likewise visible in other alteration zone CCDs (see Figures 7-8 to 7-13) but, per-
haps because of the number of points sampled in this test (1600 as opposed to the 400 from a 20x20
grid), it is particularly obvious here. The "knob" may be explained by the diagram in Figure 8-5,
which shows the path which would be taken by a C-S-H with the Young and Hansen composition
[214]:
(CaO) 1.7SiO2(H 2 0) 4  (8.1)
wherein the proportions of calcium and silicon are 30.0 % and 12.3 % by weight, respectively
decalcified by the removal of one CaO group at a time, but with no other changes in its compositon,
until it reaches a Ca/Si molar ratio of 0.8. At this point, the decalcified C-S-H particle sits right
on the knob and also right on the CaCO 3-SiO 2 .2H 2 0 mixing path. This means that the pure two
phase mixing model which we have proposed to explain the data could be equally well a three
phase CaCO 3 -(CaO)o.sSiO 2 (H2 0) 4-SiO2.2H20 mixing model, except that the latter explains the
data better as it explains the observation of two "regimes" in the mixing path. These two regimes
are visible not only here in the CCD but also in the distributions of y- the mixing proportion of
this path- presented in Figures 7-22 and 7-23.
The significance of a Ca/Si ratio of 0.8 is not entirely clear, but we note that this is the
Ca/Si ratio for perfect 1.4-nm tobermorite crystals (see Table t.mineral analogs). The presence of
decalcified C-S-H could explain the broad range of indentation moduli observed in the alteration
zones (see Figure 8-1) and the persistence of what looks like a weakened, LD C-S-H phase (Class
3.2). Constantinides and Ulm [47] found that the indentation modulus of decalcified C-S-H gel is
260
10 0
B t_. 40
Ph i 3 0 -
1 2 3 4 5 0 10 20 30 40 50Pha-e -como
Figure 8-4: The compositional component diagram from a 40x40 EPMA grid spaced at 3 microns
on the alteration zone of sample C-A-523 (run on 09/03/09), showing a distinct "hockey stick" like
shape.
significantly reduced: to 3.0±0.8 GPa for LD C-S-H and to 12.0±1.2 GPa for HD C-S-H. We recall
that in the alteration zone nanoindentation tests some mechanical components were identified with
moduli similar to these values (see Table 7.18).
Consider now that the scaling factor in the distribution of solid moduli (see Figure 8-1) is
around M =80GPa. As we discussed before, this is around the value found for the indentation
modulus of calcite grains in marble (-75 GPa) and leads us to the conclusion that the calcite in
our system has a characteristic length-scale below one micron-that is, it is a porous material at the
scale of indentation. Now consider a calcite-decalcified C-S-H-silica gel-porosity sytem. We know
that the silica gel is so weak that it will not contribute mechanically-it has been shown that silica
aerogels have Young's modulus < 1GPa [136]. More specifically, we can consider the silica gel as
macroporosity due to its characteristic size, which is illustrated by mapping the spatial distribution
of the alteration zone mixing proportion 7 (-, is the mixing proportion of calcium carbonate with
silica gel which we defined in Section 7.1.2, but which we have shown here could equally well
describe a three-phase mixture system which also includes decalcified C-S-H) for the 40 x 40 grid
on the alteration zone of sample C-A-523 (see Figure 8-7). If we can also accept the assumptions
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Figure 8-5: (Bottom) the same data
decalcification line (the pink line) of
fit with a CaCO3-SiO 2 .2H 2 0 mixing path, which crosses the
C-S-H at a Ca/Si ratio of 0.8.
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that aragonite will be mechanically equivalent to calcite and that the decalficied C-S-H is weak
enough compared to the calcite (3 and 12 GPa vs. 80 GPa), we can back-calculate the packing
densities of a nanogranular system with a solid modulus of m, =80 GPa from a set of indentation
moduli and hardnesses. The distributions of packing densities which we find from three sets of
indentation data from the alteration zone material are displayed in Figure 8-6. The distributions
show a striking sprawl in packing densities- with every value from ,q =0.5 to 7r =1 represented. No
order emerges.
Our model of the microstructure is of course oversimplified- calcite will have a cubic and arag-
onite a needle form and decalcified C-S-H may provide some significant mechanical contribution.
However, the hypothesis of a highly disordered microstructure is also supported by the distribu-
tions of the alteration zone mixing proportion y, which we recall showed essentially a "flat-line"
distribution from y =0 (calcium carbonate) until a sharp decrease in frequency at 7y -0.3-0.4 (see
Figures 7-22 and 7-23 inSection 7.1.2). C-S-H with a Ca/Si ratio of 0.8 is located at - -- 0.55 and so
we conclude that the chemical data shows evidence of a strong calcium carbonate-decalcified C-S-H
mixing in which there is no evident order and no pure decalcified C-S-H phase (i.e. completely free
of calcium carbonate) on the -1pm scale of the electron beam.
In conclusion, we find from our dual chemical-mechanical analysis that the state of complete
carbonation of a class G oil well cement paste by wet supercritical CO 2 or CO2-saturated water
can be best characterized as a mixture of calcium carbonate, decalcified C-S-H (Ca/Si=0.8), and
silica gel, as depicted in Figure 8-8. No clinker and no portlandite is present in this system. The
mixture of calcium carbonate and decalcified C-S-H is an intimate, submicron scale mixture with
no apparent order, while the silica gel may assume a characteristic size on the order of 10-20bpm.
It appears to arrive at this state through an intermediate stage in which portlandite is completely
depleted.
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Figure 8-6: The distribution of packing densities for an assumed polycrystal morphology of spherical
particles with m,=80 GPa determined from the indentation data (modulus and hardness) from tests
on the alteration zone of (top) sample C-A-88 (12/13/07), (middle) sample C-B-88 (12/04/07), and
(bottom) sample C-A-523 (01/11/08).
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Figure 8-8: A schematic fitting data from a 40x40 EPMA grid of the alteration zone of sample C-A-
523 to a model which describes it as a mixture of calcium carbonate, decalcified C-S-H (Ca/Si=0.8),
and silica gel.
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Chapter 9
Summary of Results and Perspectives
We began this experimental investigation with the goal of answering the broadly defined question:
What is/are the fundamental building block(s) of carbonated cement paste and how do they organize
among themselves to reach higher scales? We then narrowed the domain of our research to the
investigation of carbonated oil-well cement pastes, motivated by the potential industrial benefit
for the development of carbon sequestration technology. We employed a dual chemical-mechanical
investigation as a means for accessing both compositional and mechanical information at the micron
scale- the scale of the C-S-H microstructure in uncarbonated cement paste and the scale of relatively
uncharted territory in carbonated cement pastes. The coupling of these two techniques-while never
direct-was extremely powerful, as questions which we were unable to answer with one analysis
sometimes were clarified by the other. As a result, we feel that we were able to provide some answers
to our research question; however, much more remains unanswered, and we provide suggestions for
future research.
9.1 Summary of Main Findings
The investigation of a set of carbonated Class G oil well cement pastes was accompanied by a
parellel investigation of uncarbonated Class G pastes of different slurry density, cured at various
temperatures and pressures. From these reference materials we concluded:
* Certain curing conditions (T=55'C, P=-5MPa and T=85'C, P=20MPa) lead to a reduction
in the amount of portlandite- most likely that in larger crystalline form. In general, this
reduction in larger-scale portlandite correlates with an increase in curing temperature but
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does not correlate with the curing pressure.
* There is a trend that higher curing temperature leads to the formation of denser C-S-H phases.
* The slurry density is a much more important paramater for the final mechanical properties
of the cement pastes than are the curing conditions, at least in the range which we observed
here. Changing the slurry density from 1.90 to 1.75 had a much more significant effect on the
mechanical properties of the cement pastes than did changing the curing temperature and
pressure in the range T=250 C-850 C and P=Patm-20MPa. In particular, a decrease in slurry
density corresponds to: an increase in macroporosity, an increase in C-S-H gel porosity, and a
decrease in the homogenized indentation modulus. Further reduction of the slurry density to
1.55 resulted in widely varying mechanical properties and, in two out of four cases, untestable
materials.
From the investigation of the carbonated cement pastes we identified three distinct material
classes based on their chemical and mechanical signatures, and noticed that these zones could be
also be defined by their position relative to the carbonation front:
* The core has chemical and mechanical signatures typical of an ordinary cement paste with a
strong C-S-H/portlandite mixture. It is dominated by HD C-S-H, but LD C-S-H and UHD
C-S-H are also found.
* The area in the core closer to the carbonation front is shown to be completely devoid of
portlandite, but its C-S-H phase is compositionally unchanged. Mechanically it is dominated
by an LD C-S-H phase, but other mechanical classes were identified, one of which corresponds
to HD C-S-H, and two of which have hardnesses which put them above the range of possible
C-S-H values. The non C-S-H phases occur in a small volume fraction.
* The alteration zone does not vary among the four samples tested- it seems to represent a state
of "ultimate carbonation." Its chemical signature is best modelled as a calcium carbonate-
decalcified C-S-H-silica gel mixture. It has a broad range of mechanical properties and con-
sistent dominant and secondary mechanical classes. The dominant mechanical class has a
modulus near that of UHD C-S-H, but its hardness is above of the range of this phase. The
secondary mechanical class is similar to a weak LD C-S-H phase.
We therefore come to conclusions about the process and product of carbonation in cement paste:
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* Carbonation completely depletes the portlandite prior to attacking the C-S-H.
* The fundamental building blocks of carbonated cement paste are calcium carbonate, silica
gel, and decalcified C-S-H. The characteristic size of the calcium carbonate is below N1.5 pm;
the silica gel frequently is 10-20 pum in size.
* Our best attempt at modeling the microstructure of carbonated cement paste show a highly
disordered microstructure.
9.2 Research Contributions
The research contribution of this thesis was the development of a method of statistical EPMA for
cementitious materials. We have shown its applicability in identifying a wide range of compositional
phases, both in homogeneous and in mixture form. In particular, we have shown how the C-S-H/CH
mixture can be investigated. The technique which we introduced for the identification of clustering
in our chemical analysis was also used in the nanoindentation analysis and so is an addition to that
method.
9.3 Industrial Benefit
The eventual industrial benefit of our work may be the development of more realistic models for
the compositional and mechanical properties of cement pastes used in carbon sequestration and
thus exposed to the types of carbonation studied herein: attack by wet supercritical CO 2 and C0 2 -
saturated water. In particular, we hope that our findings about the fundamental building blocks of
carbonated cement paste, their characteristic size, and their microstructure will be part of a more
precise upscaling effort of this material.
9.4 Limitations and Suggestions for Future Research
While we would like our findings about the carbonation of cement paste to be comprehensive, we
have only studied two types of carbonation in one type of cement paste. The validity of our findings
could be easily tested on a wide range of cement pastes exposed to different types of carbonation
now that the methodology for such tests is in place.
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We relied heavily on the accuracy of the wavelength dispersive spectrometer (WDS) in the
analysis of our results. While the WDS is well-calibrated with mineral standards and matched
nearly exactly the stoichiometry of some phases (portlandite, calcium carbonate), validation of the
grid EPMA method on heterogeneous materials with some surface roughness should be a future
step.
The most obvious direction of future research is a direct coupling of statistical EPMA and sta-
tistical nanoindentation. Having precise compositional and mechanical information on the micron
scale from the same location has the potential for greatly enhancing the analysis and interpretation
of the results from both of these methods. In particular, given the capability of statistical EPMA
to probe the C-S-H/CH mixture, we believe that a coupled EPMA/nanoindentation investigation
could answer fundamental questions about the relation between these two phases in cement pastes.
9.5 Perspectives
There is an interesting circuity in the carbonation of cement paste in which the hydration product,
produced from anhydrous clinker in turn produced from, among other things, limestone, returns
to its chemical origins. It is as if cement paste has two states- one with and one without carbon
dioxide-and it is only in this latter that it can be used in its structural applications. At least this is
what has been assumed, but the technology of carbon sequestration interfaces carbon-free cement
paste with large quantities of CO 2 , and the resulting transformation is inevitable. The realization
of this technology requires the consideration of carbonated cement paste itself as a structural
material, and ultimately this consideration must be extended to the reality of the exposure of our
built environment to high, and potentially increasing, levels of carbon dioxide in this atmosphere.
The carbon dioxide will eventually come back home, and we are faced with a choice between
dealing with the reality of a carbonated structural material or removing and replacing it with a
"clean", uncarbonated material. The price of the latter choice is clear- it is estimated that 5-
10% of atmospheric carbon dioxide comes from the production of concrete. At this point what
separates us from avoiding or at least postponing the replacement of carbonated structures is a
knowledge of the material. Our study suggests that the knowledge of carbonated cement paste can
eventually be attained to the same degree as our knowledge of carbon-free cement paste- we have
some information about the fundamental building blocks and their organization- however, we are
a long way from having such knowledge yet. The study of carbonated cement paste should be a
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direction of fundamental importance in civil engineering.
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